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ABSTRACT 


Historical surface marine observations are summarized by 1l-degree 
Square area and long term month to describe the seasonal distribution 
of wind stress over the California Current. Off the coasts of south- 
ern California and Baja California, an alongshore equatorward component 
is present throughout the year. The distributions north of Cape 
Mendocino are characterized by marked changes in direction and magni- 
tude between summer and winter. The predominant wind stress maximum 
shifts northward coherently from off Point Conception in March to south 
of Cape Blanco in September, and extends approximately 500 km in the 
offshore direction and 1000 km in the alongshore direction. Maximum 
values of surface wind stress occur during July near Cape Mendocino. 

The wind stress curl is positive near the coast and negative in 
the region offshore. A line of zero wind stress curl parallels the 
coast 200 km to 300 km offshore, except off central Baja California. 
The patterns of wind stress curl are consistent with the existence of 
a southward Sverdrup transport offshore and a poleward transport near 


the coast. 
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I. INTRODUCTION 


Spatial variation in the distributions of surface wind stress has 
long been recognized as a fundamental quantity in discussions of the 
wind-driven ocean circulation. Sverdrup's (1947) transport balance 
relates the vertically integrated meridional mass transport in the 
interior ocean to the open ocean wind stress curl. Munk (1950) ex- 
tended the theory to a closed basin and estimated the mass transports 
for several oceanic circulations from a knowledge of the wind stress 
alone. Recent theoretical developments have attempted to explain the 
well-known westward intensification, but have largely ignored the 
wind-driven circulation in eastern boundary currents, such as the 
California Current. 

The California Current flows southeastward along the west coast of 
the United States as one branch of the large anticyclonic gyre in the 
North Pacific Ocean. The predominant surface flow occurs between a 
cell of high atmospheric pressure to the west and a continental thermal 
low situated over California. Seasonal variations in the direction and 
strength of the surface wind are related to shifts in location of the 
high pressure system and intensification of the semi-permanent thermal 
low. 

The basic features of the California Current system may be de- 
scribed in terms of the local wind stress (Reid et al. 1958). The 
equatorward surface current and poleward undercurrent are typical of 
eastern boundary currents (Wooster and Reid 1963). Munk (1950) has 
suggested that the average wind distribution off California is con- 


Sistent with the existence of an equatorward surface flow offshore and 


[ss 








a poleward flow inshore. However, lack of an adequate data base has 
precluded a detailed analysis of the relationships among the dis- 
tributions of surface wind stress, the southward flowing California 
Current, and the northward flowing countercurrent which appears 
seasonally off the coasts of California, Oregon, and Washington. 

A related phenomenon in eastern boundary currents is the process of 
coastal upwelling. The role of upwelling in bringing nutrients into 
the surface layers where they are available for organic production is 
widely recognized. According to the simplified model (Sverdrup 1938), 
equatorward wind stress parallel to the coast induces flow in the 
surface Ekman layer of the ocean which is deflected offshore by the 
earth's rotation (Ekman 1905). When this occurs over an expanse of 
coast where horizontal surface flow cannot compensate for that driven 
offshore, the balance is maintained by upwelling of subsurface water. 
Smith (1968) suggests that wind stress, being the driving force in this 
mechanism, may be the most important single parameter in coastal 
upwelling. 

Previous estimates of the surface wind stress over the oceans have 
been based primarily on wind data taken from the U.S. Hydrographic 
Office Pilot Chart wind roses (Hidaka 1958, Hellerman 1967). The 
large scale features evident in these distributions are consistent 
with the occurrence of the major cyclonic and anticyclonic circulations 
in the oceans. However, the coarse spatial and temporal resolution of 
these data (5-degree quadrilateral space average and 3 month time 
average) are not adequate to describe the locally driven processes 


evident in the California Current system. 





Wooster and Reid (1963) used Hidaka's estimates of surface wind 
stress to calculate the offshore Ekman transport and described the 
locations and seasonal timing of the major coastal upwelling regimes 
in terms of these "upwelling indices." Bakun (1973) extended the 
concept of the upwelling index by computing estimates of Ekman trans- 
port from routinely available analyzed surface atmospheric pressure 
fields. Temporal fluctuations are well described by these data. 
However, both the derived quantities based on Hidaka's wind stress 
data, and Bakun's upwelling indices suffer from an inability to 
characterize small scale features of the Ekman transport field, 
particularly near the coast. For example, where these data may in- 
dicate surface divergence on the large scale, smaller scale surface 
convergence might exist, with associated effects on the distributions 
of organisms within the coastal upwelling zone. 

This report is an attempt to provide more detailed descriptions of 
the surface wind stress distributions over the California Current. 
The study differs from previous work by calculating the monthly mean 
values on a ]l-degree square area basis. Surface marine wind observa- 
tions have been utilized in the computations. Roden (1974) evaluated 
the surface wind stress on a ]l-degree latitude-longitude grid. 
However, Roden's distributions have been derived from monthly mean 
Surface atmospheric pressure analyses based on a 5-degree latitude- 
longitude grid. Thus, any information concerning space scales smaller 
than 5 degrees is due to the particular interpolation scheme used to 
refine the data to a l-degree grid, rather than due to observed data. 

The monthly mean data described in this report adequately resolve 


the seasonal cycle, which is the dominant time scale for coastal 


Is 








upwelling (Mooers et al. 1976). The high resolution in space and 
time may provide the observational background for more detailed in- 
vestigations of the relationships among the local wind stress distri- 
butions, the equatorward surface current offshore, the poleward 
surface and subsurface flow inshore, and the distributions of certain 
species of fish, such as the northern anchovy (Engraulis mordax), and 


the Pacific mackerel (Scomber japonicus). 








TI. DATA REDUCTION 


The monthly mean distributions of surface wind stress presented in 
Appendix A are based on summaries of data contained in the National 
Climatic Center's file of surface marine observations (Tape Data 
Family - 11). The total file contains approximately 40 million in- 
dividual ship reports dating from the mid-nineteenth century. Over 
1 million of the reports are within the area of the California Current 
system. 

Long term composite monthly fields of surface wind stress have 
been compiled on a 1-degree square area basis within the geographical 
area outlined in Figure 1. The data grid extends from 20° N latitude 
to 50° N latitude and parallels the coastline configuration, extending 
10° of longitude in the offshore direction. Each 1-degree quadrilateral 
is centered on a whole degree of latitude and longitude. Approximately 
25% of the total available reports contain positions recorded to the 
nearest whole degree of latitude and longitude. The grid orientation 
used in this study thus minimizes spatial bias which might be intro- 
duced by summarizing the data according to the Marsden square num- 
bering system. 

The historical data contain errors in position, measurement, and 
processing. A single pass editor was used to remove gross errors in 
the data, including duplicate reports (0.5%), position errors (0.1%), 
and measurement errors (0.5%). Erroneous wind directions and wind 
speeds greater than 100 m sec”! were removed. Reports of variable 


winds were treated as calms. 
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FIGURE 1. Chart of the west coast of the United States showing the 
grid of I-degree squares used for summaries of wind 
observations. Large dots indicate squares for which 
frequency diagrams are displayed in Figures 9-12. 


18 





An estimate of the surface wind stress was calculated for each 


wind velocity report according to the bulk formula: 
CT, Cy) 7m Wre c, (1W,| Uo: Wo Vio) y 


where ‘ and Sy denote the eastward and northward components of 
stress, 2, is the density of air which was considered to have a 
constant value of 0.00122 g om”, [W, is the observed wind speed, 
and U and ve are the eastward and northward components of the 
wind velocity measured at a height of 10 m. The empirical drag 
coefficient oF is referred to the 10 m level. A constant value of 
0.0013 (Kraus 1972) was used in the calculations. 

The resultant long term monthly mean vectors were computed as the | 
arithmetic means by east and north components of all available reports 


from 1850 to 1972 within a 1-degree square area. The appropriate 


average is defined in Equation 2: 


ic a= 


N 
N i: 


| 

where AJ is the total number of reports within a |-degree square 
area and month. The values (ORO were evaluated according to 
Equation 1. A mean value for each long term month and square is 
therefore formed from a data set which is independent of all other 
months and squares. The monthly fields of surface wind stress are 
displayed in Appendix A as vector quantities and as east and north com- 
ponents. No attempt has been made to smooth the fields, either by 


removing data which do not appear to fit the distributions or by 


US: 








applying objective smoothing procedures. The mean values were con- 
toured by machine and "bull's-eyes” in the contours, even where they 
possibly reflect erroneous data, were left in the figures as indica- 
tions of the general degree of consistency in the composite distribu- 
tions. The "bull 's-eyes" may reflect either a paucity of ship 
observations, or extreme variability associated with inadequate 
sampling of strong winds. 

The spatial distribution of observations is biased in that "ship 
of opportunity" reports are generally confined to the coastwise 
shipping lanes. The total numbers of observations per 1-degree square 
area are shown in Figure 2. The highest density of reports is found 
within 300 km of the coast, exceeding 40,000 observations per 1-degree 
square in the area south of Point Conception. The number of reports 
per 1-degree square per month varies from less than 20 (in January off 
Vancouver Island) to more than 3800 (in May off Los Angeles). A 
Significant increase in the number of observations is evident along the 
Shipping route between San Francisco and Hawaii. Less than 20% of the 
vector means are based on fewer than 50 observations per |-degree 
Square per month. Some temporal bias may also exist, since approx- 
imately 50% of the total reports have been taken since 1945. However, 
the general coherence of the resulting vector fields indicates that 
the composite wind stress distributions can be used to describe the 


dominant seasonal cycle in the California Current system. 


A. QUALITY OF INPUT DATA 
The historical surface marine observations used in this study have 


been obtained primarily from ship logs, ship weather reporting forms, 
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FIGURE 2. Distribution of observations per 1-degree square. 
The contour interval is 2500 observations. Values 
greater than 5000 are shaded. 
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and published ship observations. The reports differ markedly in method 
and precision of measurement, ranging from observations made aboard 
19th century vessels, to those taken aboard modern oceanographic 
research ships. Possible errors in wind measurement have been sum- 
marized by Hantel (1970). These include influences of anemometer 
height, atmospheric stability, wind gusts, and duration of the obser- 
vation. Sources of error in wind estimates include the wind effects 
observed, error in determining the true wind from the observed 

apparent wind, and the unavoidable subjectivity of the observer. 

A substantial portion of the historical data consists of wind 
reports based on the antiquated Beaufort wind force scale (Kinsman 
1968). Table 1 lists the conversion scale between the Beaufort number 
and the equivalent wind speed in knots and meters per second. These 
estimates are equivalent to a wind speed measurement at a height of 


10 m. 


VABEE Ie Wind speed equivalents of Beaufort force 
estimates in knots and meters per second 


Beaufort 0 ] 2 3 - 2 6 u 8 9 ite lV ae tZ 





Knots 0 VA 5 O- Vilse le. 24> 300 3 7 52 Ose 


] 


pceomenoromongi2. 4° 454 6.Ju09.3 12.3 15.5 18.9 22.6 2624 30.5 34.8 


Based on the documentation for the National Climatic Center's data 


2 


file (TDF-11)" , a determination was made of the number of wind 


TResolution 9, International Meteorological Committee, Paris, 1946. 


‘National Climatic Center, Tape Data Family 11, NOAA/EDS/NCC, 
Asheville, N.C. 


22 





observations estimated and those actually measured by an anemometer. 
Approximately 35% of the reports in this study consisted of Beaufort 
wind force estimates. An additional 53% of the reports were estimated 
wind speeds which did not correspond to the Beaufort wind force scale. 
Less than 12% of the total reports consisted of measured quantities. 

In addition to the errors introduced by the necessary calculation 
of true wind from the measured apparent wind, the reported directions 
vary in precision. Resolution varies from + 11.25° to + 5° corres- 
Ponding to observations based on 16 points of a 32 point compass and 
a 36 point compass respectively. 

The above considerations lead to the conclusion that random obser- 
vational errors may be as large as real non-seasonal fluctuations in 
the distributions of surface wind stress. The problem may be form- 
alized by expressing the individual stress estimates ‘Ge , Ge as the 
Sums of monthly mean values €. , {a , deviations from the monthly 
means ee : (ee and error terms ( ; a . The second and 
higher moment statistics would consist of the non-zero correlations 
between the deviations from the monthly means and the error terms. If 
the observational errors are greater than the real fluctuations, then 
the standard deviations of the monthly means would reflect observa- 
tional noise rather than actual non-seasonal variability. However, 
provided that these errors are not systematic, the resultant first 
moment statistics will be the appropriate estimates of the monthly 
mean wind stress. 

The standard error of the mean provides a more appropriate quan- 
titative measure of the relation between the standard deviation of a 


set of measurements and the precision of the mean value of the data 


“8 





set (Young 1962). The standard errors of the means are defined by: 


(Se Se) eo rome S.,/MN ) (3) 


where Se, + Ye are the standard errors of the means of the eastward 
and northward components respectively, = : ey are the standard 

x 
deviations, and /A/ jis the number of observations. Large values of 


/V and small values of a Sey correspond to mean values KE 
(ie which closely approximate the pdopulation means. 
The computed standard errors of the means and numbers of obser- 
vations for each ]1-degree square area and long term month are tabulated 


é occur throughout a 


in Appendix B. Values less than 0.1 dyne cm 
large portion of the summary area, although spatial and seasonal 
dependence is evident. Standard errors greater than 0.1] dyne cm™¢ 
occur over large areas north of Cape Mendocino and between 500 km 

and 1000 km off the coast of Baja California. High values are 
Generally associated with regions of sparse data, although inadequate 
Sampling of intense storms may also lead to large values. Typical 
ratios of the standard error to the mean stress (Sz /%,) range from 
0.0] off southern California to 1.0 offshore from Cape Blanco. 

Near Cape Mendocino, this ratio varies between 0.02 and 0.10. Minimum 
values adjacent to the coast south of 40° N latitude and along the 


shipping lane between San Francisco and Hawaii are well correlated with 


the distribution of observations shown in Figure 2. 
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ITI. DEPENDENCE OF STRESS ESTIMATES ON Ch 


A constant drag coefficient was used to compute the surface wind 
Stress data displayed in Appendix A. Stress calculations were made 
for each wind report and then averaged to form the resultant monthly 
mean vectors, Different results might have been obtained if the 
Stress were calculated from monthly mean wind data, or if effects of 
atmospheric stability were considered. These aspects are discussed 
below. 

The errors associated with the observational data used in this 
Study place certain limitations on the form of the bulk exchange 
formula expressed in Equation 1. If measurement errors are large, 
there may be little value in refining the parameterization by replacing 
Cy by a variable drag coefficient which is a function of stability or 
wind speed. Even with a constant Cy» the bulk formula contains non- 
linearities. Therefore, the drag coefficient must be appropriate 


for the particular time averaged winds used in the calculations. 


A. EFFECT OF AVERAGING 
The empirically derived transfer coefficient Cy» determined by 
eddy correlation and profile methods, is based on wind measurements 


averaged over periods of 30 to 60 minutes. Pond (1975) indicates 


and V/ 


10 


— 
that the appropriate values of WI, U should be 


10? 
obtained over a period of a few minutes to a few hours at most. If 
the surface stress were calculated using winds averaged over much 
longer periods, a higher drag coefficient would be required. The 


Surface stress calculated from a monthly mean surface wind field would 


7. 





be significantly less than the surface stress field calculated as the 
mean of the individual stress estimates, if the same drag coefficient 
is used and all other parameters are held constant. 

The difference described above has been determined for the data 
used in this study. For each 1-degree square area and long term month 


the following ratio has been calculated: 


ee | T | _ «a 
Pal] Wl) 

where (eer is the magnitude of the monthly mean surface stress, [WI 
is the magnitude of the monthly mean surface wind, and (Cn) equ is an 
equivalent drag coefficient. This is the value which would be 
necessary to make the stress values ieee the monthly mean 
wind data agree with the values calculated as the means of individual 
Stress estimates. 

The values of (Ch) eau for the months of June and December are 
shown in Figures 3 and 4. The values are significantly different from 
the constant value of Cy = 0.0013 employed in this study. In all 


cases, (Cy) is greater than Cy. Spatial and seasonal variability 


equ 
is marked. There is a tendency for much higher values in the northern 


section of the grid than in the southern area. Large values of 


(C are more evident in December than in June. The geographical 


eat 


and seasonal variations in the quantity (C agree with the 


iy eer 
general geographical and seasonal fluctuations in meteorological 
conditions over the Northeast Pacific Ocean. This would indicate that 
a large part of the monthly variance of the wind stress data is due 


to actual intra-month fluctuations and not due to observational errors. 
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FIGURE 3. Equivalent neutral drag coefficient for JUNE. The 
plotted value is the drag coefficient appropriate 
for wind observations averaged over a month. The 
contour interval is 2.5. 
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FIGURE 4. Equivalent neutral drag coefficient for DECEMBER. The 
plotted value is the drag coefficient appropriate for 
wind observations averaged over a month. The contour 
meerval 15 ¢.5. 
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If a resultant surface wind stress were calculated from the monthly 
mean wind field, these calculations imply that the wind stress 
estimates would be underestimated, on average, by as much as 50% to 


100%. The departures would be even larger off Oregon and Washington. 


B. EFFECT OF ATMOSPHERIC STABILITY 

Investigations on the functional form of the drag coefficient have 
alternately suggested constant values, or a dependence on wind speed. 
Wilson (1960) gave a detailed review of the available data and 
adopted values of C,) = 0.0024 + .005 for strong winds and 
Cy = 0.0015 + .0008 for light winds. Smith (1970) proposed a constant 


value of Cy = (1.35 + 0.34) X 107°, 


Cy = (Os ee X om Considering the large scatter in the open 


Wu (1969) adopted the form 


ocean determinations of Cp, the lack of conclusive data at wind speeds 
greater than 15 m sec, and the lack of agreement among individual 
observers, a constant value for the neutral drag coefficient was used 
in this study. 

Recent investigations by Davidson (1974) and Denman and Miyake 
(1973) have demonstrated the dependence of the drag coefficient on 
atmospheric stability and the spectral shape of the ocean wave field. 
A generally accepted formulation of the dependence of Cy on wave 
properties does not seem well enough established to be incorporated in 
the calculations of surface wind stress based on historical ship obser- 
vations. However, effects of atmospheric stability on the momentum 
exchange may be significant in the regions where seasonal upwelling 
typically produces a stable boundary layer. 


The specific effects of atmospheric stability on the exchange of 


AS, 





momentum have not been completely determined and are still under 
investigation. However, for a given wind speed, the effect of stable 
(unstable) stratification is to decrease (increase) the magnitude of 
the momentum exchange (surface wind stress) across the atmosphere- 
ocean interface. 

Deardorff (1968) defined the bulk Richardson number as an 
appropriate dimensionless measure of atmospheric stability. The 
monthly mean fields of surface wind stress were recomputed, replacing 
the constant value Cy in Equation | by a coefficient varying with 
atmospheric stability. The method of Deardorff was adopted to 
parameterize the dependence of the drag coefficient on stability, 
while neutral stability was assumed when the absolute value of the 
air-sea temperature difference was less than 1° C. Details of the 
calculations will be reported elsewhere. 

The effect of atmospheric stability was computed as a percentage 
increase (decrease) in the magnitude of the monthly mean surface wind 
stress above (below) the appropriate neutral values. The following 


ratio was calculated: 


_ aes -})X 100 (5) 
Me Never 
where Foe is the magnitude of the eirrace wind stress calculated 
using a drag coefficient which varies with stability, and icin is 
the magnitude of the surface wind stress computed with a constant 
(neutral) coefficient. A value of R = 0.0 corresponds to neutral ly 


Stable conditions. 
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The ratio defined by Equation 5 is displayed in Figures 5 and 6 
for the months of June and December respectively. The average 
percentage difference is between 2% and 5%. Values greater than 10% 
are rare. In December, the values are positive, indicating unstable 
conditions. Negative values occur in June. These are related to 
the stable stratification induced by positive air-sea temperature 
differences within the coastal upwelling zone. The effects of 
atmospheric stability determined in this study are less than the values 
of 6% to 15% reported by Husby and Seckel (1975) for Ocean Weather 
Station "Victor", but consistent with the values of less than 5% 


reported by Dorman et al. (1974) for Ocean Weather Station "November." 
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FIGURE 5. The effect of atmospheric stability on surface wind stress 
for JUNE. Plotted values are the percentage increase 
(decrease) in the surface wind stress above (below) 
neutrally stable conditions. The contour interval is 
10.0. Positive values correspond to unstable conditions. 
Negative values are shaded. 
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FIGURE 6. 


The effect of atmospheric stability on surface wind stress 


for DECEMBER. Plotted values are the percentage increase 
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TV. THE WIND STRESS DISTRIBUTIONS 


The long term composite monthly mean fields of surface wind stress 
are displayed in Appendix A as resultant vectors (Charts 1 to 12), 
east components (Charts 13 to 24), and north components (Charts 25 to 
36). These data indicate two characteristic features. The mean stress 
tends to be directed equatorward along the coast from Cape Mendocino 
to Baja California throughout the year. Off the coasts of Oregon and 
Washington, the wind stress exhibits marked seasonal variability in 
both magnitude and direction. 

The distributions of surface wind stress off Baja California have 
been previously discussed by Bakun and Nelson (1975). They concluded 
that most of the seasonal variability is in magnitude rather than 
direction. The mean surface wind stress tends to have an alongshore, 
equatorward component during all months, implying conditions generally 
favorable for coastal upwelling throughout the year. This is con- 
trasted with the situation to the north. Off the coasts of Oregon 
and Washington, the patterns of surface wind stress change seasonally. 
From December to February, the stress impinges on the coast at Cape 
Blanco, forming the southern boundary of the low pressure system which 
develops in the Gulf of Alaska during the winter. From May through 
September, the surface wind stress veers toward the south. The com- 
ponents are directed onshore and equatorward. The months of March and 
April, and October and November appear as transition periods. The 
surface wind stress jis directed primarily onshore during these months. 


The most evident feature in these distributions is the position 
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and extent of the predominant wind stress maximum. For purposes of 
discussion, this maximum is defined by the 1.0 dyne cm ¢ contour and 
is highlighted by light shading in Charts 1 to 12. Large values of 
stress occurring between 45°N and 50°N latitude during winter are 
Probably associated with either high winds or sparse data, and will be 
ignored in this discussion. 

The maximum is first evident in March, south of Point Conception. 
During succeeding months, the maximum strengthens, increases in size, 
and shifts northward. In April, values exceeding 1.0 dyne cm-* cover 
an area from Point Conception to San Francisco. Winds off Qregon have 
veered, suggesting an alongshore component and implying conditions 
generally favorable for coastal upwelling. The pattern of surface 
wind stress is repeated in May. The northern boundary of the central 
maximum reaches the coast south of Cape Blanco. 

The mean wind stress reaches maximum intensity during June and July 
off Cape Mendocino, where characteristic values exceed 1.5 dynes cm 
The large scale maximum extends approximately 500 km in the offshore 
direction and 1000 km in the longshore direction. A more intense 
coastal maximum (IT|>1.5 dynes em7*) is coherent over an area approxi- 
mately one-fifth this size. Maximum values of mean surface wind stress 
typically occur 200 km to 300 km off the coast, rather than adjacent 
to the coast. This feature was previously observed by Munk (1950) and 
Reid et al. (1958). The mean distributions for August and September 
suggest relaxing conditions. The maximum is reduced in extent and 
intensity. These months still exhibit a degree of equatorward stress 
along the coasts of Oregon and Washington, but in October, the 


direction backs to the north. The poleward components correspond to 


20 


onshore Ekman transport and subsequent downwelling at the coast. The 
distributions for November, December, January, and February indicate 
characteristic winter conditions. Mean values are typically less than 


0.5 dyne em7?, 


High winds associated with intense storm activity in 
the North Pacific Ocean result in regions of mean surface wind stress 
exceeding 1.0 dyne em™? off the coasts of Oregon and Washington. 

The seasonality of the surface wind stress and its association 
with coastal upwelling is easily observed along the northern section 
of the grid. Large changes in mean direction are apparent. Maximum 
magnitudes occur during the winter. Winds favorable for coastal 
upwelling occur from April to September. During the remaining months, 
the direction of the mean surface wind stress corresponds to down- 
welling at the coast. 

The coast along southern California and Baja California is 
characterized by winds favorable for upwelling throughout the year. 
Peak values of surface wind stress occur in April and May. Values 
exceeding 0.5 dyne om72 are evident from February to July. A local 
maximum immediately north of Punta Eugenia is easily observed in May. 
This feature is consistent throughout the year. A region of local 
wind stress minima is indicated along the coast south of Point 
Conception. This feature corresponds in location to the semi- 
permanent cyclonic eddy which dominates the ocean surface circulation 


in the Southern California Bight (Reid et al. 1958). 


A. SPATIAL AND TEMPORAL VARIABILITY 
Spatial and seasonal variability of the monthly distributions will 


be described in terms of standard errors of the means (Equation 3), 
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constancy of the wind stress, and frequency diagrams for selected 
]-degree square areas and months. In general, these data indicate 
greater variability in magnitude and direction within the region north 
of Cape Mendocino than in the area to the south. Summer distributions 
are characterized by well defined mean directions and magnitudes. 
Broad-banded frequency histograms are typical of the winter months. 

Within the regions outside of the primary shipping lanes (see 
Figure 2), the monthly mean distributions are based on fewer than 2500 
observations per ]-degree square area. Intercomparisons of the mag- 
nitudes of the computed standard errors of the means should be a 
function of the measured wind stress variability. Accordingly, stan- 
dard errors to the north of Cape Mendocino are larger by a factor of 
2 to 3 than those to the south. Thus, the data imply a greater degree 
of variation in the direction and magnitude of the surface wind stress 
off Oregon and Washington than off California. 

A contrast between winter and summer conditions is also evident. 
South of Cape Mendocino, the magnitudes of the standard errors of the 
means remain nearly constant throughout the year. Off Oregon and 
Washington, the computed values decrease to a minimum during the 
summer. Typical values range from 0.10 dyne cm™* in June to 
0.30 dyne cm72 in December. 

Similar features of the large scale temporal and spatial variations 
are evident in the monthly distributions of constancy of the wind 
stress as defined by the ratio of the magnitude of the average stress 
to the average magnitude of the stress. Figures 7 and 8 show the 
patterns for June and December. During December, values greater than 


0.5 occur south of Point Conception. To the north, the wind stress 
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FIGURE 7. Wind stress constancy for JUNE. The plotted values 
are defined as the ratios of the vector means to the 
Scalar means. The contour interval is 0.25. 
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FIGURE 8. Wind stress constancy for DECEMBER. The plotted values 
are defined as the ratios of the vector means to the 
scalar means. The contour interval is 0.25. 
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constancy decreases to relatively small values, implying a high degree 
of directional variability. An increase in directional stability is 
indicated during June. Values greater than 0.50 extend from Baja 
California to Vancouver Island. Values less than 0.50 occur only in 
the northwest section of the grid. South of Cape Mendocino, the ratios 
approach a value of 1.0, implying very little variation in wind stress 
direction, 

The patterns of wind stress constancy indicate possible error in 
estimates of the total mechanical energy transfer at the air-sea 
interface. In the region off California, the magnitude of the mean 
vector wind stress appears to be a good estimator of the total stress 
acting on the sea surface. However, in the northern regions of the 
data grid, these data show that the magnitude of the mean vector wind 
stress underestimates the total stress acting on the sea surface. 

This has important implications for mixed-layer modelling, in which 
the input of turbulent energy depends on the total stress acting on the 
sea surface regardless of direction (Denman 1973). 

The large scale spatial and temporal variations in the surface 
wind stress distributions are finally described in terms of selected 
frequency diagrams. Data for the 10 squares indicated in Figure | are 
displayed in Figures 9, 10, 11, and 12. Figures 9 and 10 show data 
for June and December taken from the 5 squares indicated in the inset. 
Similar data at 5 different locations are presented for July and 


January in Figures 11 and oe 


SWind roses for all 1-degree squares within the area north of 34° N 
latitude may be found in, Climatic study of the near coastal zone; West 


Coast of the United States, published by the Director, Naval Ocean- 
ography and Meteorology, June, 1976, 133 p. 
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The available wind stress data have been classed by direction and 
magnitude for each |l-degree square area and month. Relative frequencies 
have been determined for 16 direction bands and for 1] magnitude bands. 
A category for calm winds also includes variable winds. The direction 
bands are 22.5° wide and the magnitude bands correspond to equivalent 
wind speed intervals of 2.0 m sec |, 

The relative frequency surfaces shown in these figures display 
contours of percentage of total reports falling within a given direc- 
tion and magnitude band. The contours were drawn by hand. A contour 
interval of 2.5% was used. The 2.5% contour is labelled and is 
indicated by a solid line. Alternating dashed and solid contours 
indicate larger relative frequencies. The mean vector magnitude and 
direction is indicated by an arrow. Note that directions are defined 
with the oceanographic convention (i.e. the direction toward which the 
wind blows). 

The histograms shown to the right of each frequency surface dis- 
play relative frequencies for magnitude at the top, and direction at 
the bottom. Relative percent is labelled along the ordinate. Mid- 
points of the magnitude and direction class intervals are labelled on 
the abscissa. 

If Figures 9 and 10 are compared, the contrast between winter and 
summer distributions appears as a change in the character of the 
frequency surfaces. In general, the number of contours indicated 
for June is greater than the number of contours appearing in December. 
Evidently, the wind stress is relatively constant in magnitude and 
direction during the summer months. A slight shift in the direction 


and magnitude of the wind stress is indicated between summer and 
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FIGURE 9, 





Relative frequency surfaces and frequency histograms for 
JUNE. Data are shown for the |-degree squares labelled 
1 through 5 in the upper left inset. Contours of 
relative frequency are drawn at intervals of 2.5%. 

Mean vector wind stress is indicated by an arrow. 
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GUE 0. 





Relative frequency surfaces and frequency histograms for 
DECEMBER. Data are shown for the |-degree squares 
labelled 1 through 5 in the upper left inset. Contours 
of relative frequency are drawn at intervals of 2.5%. 
Mean vector wind stress is indicated by an arrow. 
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winter. The mean stress in December is directed more toward the south, 
and the magnitude has decreased. 

The frequency histograms also show these features. During June, 
the direction histogram is characteristically narrow-banded. Over 
/0% of the observations may be concentrated within 3 direction in- 
tervals. In December, the observations tend to be spread over a wider 
range of directions. The histograms are broader and the peaks in 
direction are less well defined. The peak magnitudes in June are gen- 
erally one class interval larger than the peak magnitudes in December. 
However, the winter distributions are characterized by an increase in 
relative frequency at high values of wind stress magnitude. 

A similar pattern of contrasts between the summer and winter 
distributions is apparent in the northern section of the grid. As 
shown in Figures 11 and 12, the direction histograms are generally 
well defined during the summer, although bimodal distributions are 
evident. During the winter, the observations are nearly uniformly 
Spread among all directions. There is a lack of consistency in the 
frequency surfaces in Figure 12. The direction histograms for January 
are broad and flat. The peaks which characterize the summer dis- 
tributions are missing. The mean directions shift from equatorward 
to poleward between summer and winter. A complete reversal in the 
mean direction occurs at point 7 (Figures 1] and 12). A shift in 
magnitude is equally pronounced. Peak magnitudes are higher in 
_dJanuary than in July. There is a greater contribution of high wind 
speeds in January. 

The above discussion adds a new dimension to the seasonal descrip- 


tions of the surface wind stress distributions over the California 
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FIGURE 11. 





Relative frequency surfaces and frequency histograms for 
JULY. Data are shown for the 1-degree squares labelled 
6 through 10 in the upper left inset. Contours of 
relative frequency are drawn at intervals of 2.5%. 

Mean vector wind stress is indicated by an arrow. 
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FIGURE 12, 





Relative frequency surfaces and frequency histograms for 
JANUARY. Data are shown for the |-degree squares 
labelled 6 through 10 in the upper left inset. Contours 
of relative frequency are drawn at intervals of 2.5%. 
Mean vector wind stress is indicated by an arrow, 
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Current. Pronounced seasonal variations in the magnitude and direction 
of the monthly mean wind stress are indicated along the entire west 
coast of the United States. These changes are most evident off the 
coasts of Oregon and Washington. In addition, these data suggest 
month to month changes in the large scale spatial variability. The 
magnitudes and directions are broad-banded during the winter months, 
and along the northern coast. Well defined peaks in magnitude and 
direction characterize the distributions during the summer and along 
the southern coast. One may conclude that marine biological com- 
munities inhabiting the coastal zones off Oregon and Washington must 
respond to a wider range of environmental fluctuations than those 


organisms which exist in the waters off southern California. 


B. THE SEASONAL CYCLE AT THE COAST 

Time series of the surface wind stress within the |-degree square 
areas immediately adjacent to the coast are displayed in Figure 13 
as the alongshore component, and “in Figure 14 as the onshore compo- 
nent. For these displays, the vector means have been resolved into 
components parallel and perpendicular to the coast. The coastline 
angles were determined by visually fitting a line to the dominant 
trend of the coast within each ]-degree square. The months are in- 
dicated along the top of the figures. The latitudes of the |-degree 
Squares are indicated on the right and left sides of the figures. 
Negative values are shaded and indicate equatorward stress in Figure 
13 and offshore stress in Figure 14. 

Several characteristic features are apparent in these figures. 


South of 40° N latitude, there is an equatorward component throughout 
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FIGURE 13. Seasonal cycle of 
alongshore surface wind stress 
near the coast. Means of 
alongshore components of wind 
stress were computed by month 
for the 1-degree squares 
immediately adjacent to the 
coast. Units are dyne cm-2. 
Equatorward alongshore stress 
is shaded, 





the year, unplying conditions fayorable for coastal upwelling in 

all months. Off the coasts of Oregon and Washington, the data suggest 
that upwelling occurs seasonally between the months of April and 
September. 

Two relative maxima occur in the time/space domain. Off the coast 
of Baja California, maximum values of wind stress are evident near 
Punta Eugenia in May. A large maximum occurs just south of Cape 
Mendocino between May and August. A smaller, local maximum occurs 
in May and June at 36° N latitude. 

The timing of the central maximum off the coast from Cape 
Mendocino agrees with the description of the mean yearly cycle of 
indicated upwelling given by Bakun (1973). However, Bakun's data are 
spatially distorted, and indicate maximum values at 33° N latitude, 
119° W longitude in the middle of the Southern California Bight. 

The gross spatial distortion is primarily caused by the development 
of an intense thermal low over southern California during the summer. 
The influence of this low pressure system, and the effects of coastal 
mountain ranges distort the analyzed pressure fields used in Bakun's 
computations. 

Figure 13 is similar in appearance to a time series of offshore 
Ekman transport shown by Bakun et al. (1974). They showed a good 
correlation between the occurrence of maximum offshore transport at 
39° N latitude and a suppression of seasonal warming in the adjacent 
coastal waters during early summer. 

The time series of alongshore surface wind stress (Figure 13) 
suggests a slight tilt, with time and space, to the region of maximum 


values. This corresponds to a northward shift in the intensity of 
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the surface wind stress from April and May off the coast of Baja 
California, to June, July, and August off Cape Mendocino and Cape 
Blanco. | 

Figure 14 indicates a tendency for the surface wind stress to be 
directed onshore throughout the year. Off the coast of Baja 
California, the surface stress is characterized by offshore components, 
except between the months of April and October. Offshore components 
are also apparent in the vicinity of Cape Mendocino and Point 
Conception. Near these points, abrupt changes in coastline orientation 


may influence the direction and magnitude of the surface wind stress. 
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V. WIND STRESS CURL 


The surface wind stress curl is the forcing function for the 
vertically integrated mass transport of the wind-driven ocean circula- 
tion. Under linear, steady-state conditions on the " 4 -plane", in 
the absence of friction, the meridional component of mass transport 
(My ) is directly proportional to the vertical component of the curl 


of the wind stress as expressed in Equation 6: 


R-(vxt) (6) 
8 


i 


where My is the meridional component of the vertically integrated 
mass transport, B is the meridional derivative of the Coriolis 
Darameter + » and RY xT ) is the vertical component of the wind 
Stress curl. According to the simplified model, positive (negative) 
wind stress curl is associated with northward (southward) meridional 
transport. Surface Ekman divergence (convergence) corresponding to 
positive (negative) wind stress curl is balanced by geostrophic con- 
vergence (divergence) in the northward (southward) meridional flow. 
Coastal upwelling occurs only at the ocean boundary. However, 
wind induced upwelling will occur whenever divergence in the surface 
wind drift is not balanced by other modes of horizontal surface flow. 
Figure 15 shows a mechanism by which the wind stress curl determines 
the divergent or convergent nature of the surface wind drift offshore 


of the primary coastal upwelling zone. An increase in the equatorward 
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wind stress parallel to the coast (Figure 15A) is characterized by 
positive wind stress curl. In this situation, the offshore component 
of Ekman transport increases in the offshore direction, resulting in 
continued surface divergence. Upwelling is required to maintain the 
mass balance. If the equatorward longshore surface wind stress de- 
‘creases in the offshore direction (Figure 15B), the wind stress curl 
is negative. Convergence in the surface wind drift will result. 
Frontal formation and downwelling may occur just offshore of the pri- 
mary coastal upwelling zone. 

Direct measurements of wind stress curl are not available. Since 
the curl is a linear operator, the curl of the monthly mean surface 
wind stress fields has been computed. The vertical component of the 


curl of the wind stress in spherical coordinates is defined by: 





where R is the radius of the earth, ( and A _ denote geo- 

graphic latitude and longitude respectively, and t and a denote 
the eastward and northward components of the mean surface wind stress. 
A finite difference equation approximating the curl at the grid point 


(1,5) in Figure 16 is given by: 
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FIGURE 16. Discretization grid used in calculating the wind stress 
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where A Y = AA = 1°. The method is similar to calculations 
described by Hantel (1970). Centered differences were utilized 
throughout the interior of the data grid. Forward and backward 
differences were required along the boundaries. As a result, certain 


artificial features may have been introduced at these boundaries. 


A. THE MONTHLY CURL DISTRIBUTIONS 

Monthly fields of surface wind stress curl are displayed in 
Appendix C (Charts 37 to 48). These distributions correspond to the 
monthly mean wind stress distributions shown in Appendix A. The 
values are plotted in units of dyne m7? per 100 km. A value of 


2 5 


1 dyne cm ~ per 100 km is equivalent to 1 X 107 dyne cm ~. 


Negative 
values of wind stress curl are shaded. 

The small scale features evident in these distributions should be 
viewed with caution. Detail within a single l-degree square area 
which is not supported by similar values in surrounding squares 
probably reflects "noise" in the monthly means of surface wind stress. 
Objective smoothing procedures applied to se monthly mean wind 
stress fields would result in more homogeneous distributions of wind 
Stress curl. A particular method has been described by Evenson and 
Veronis (1975). 

Characteristic absolute magnitudes of the spatially averaged wind 


stress curl are 1 X 107° dyne om7?, 


This value is approximately an 
order of magnitude less than the summertime mean reported by Halpern 
(1976) for an upwelling region near the Oregon coast. Considering 

the time and space averages used in the present study, this difference 


appears to be reasonable. The probable errors associated with these 
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estimates of wind stress curl may be calculated from a knowledge of 
the spatial distributions of standard errors of the (wind stress) 
component means (see Appendix B). On average , the expected error is 


ex 1078 dyne om7>, with maximum and minimum errors of 4 X Mar 


dyne m7? 3 


and 1 X 197!0 dyne cm ~ respectively. Of course, these 
values apply to particular individual 1-degree squares. Large values 
generally correspond to “holes” in the distributions, which are easily 
seen in the monthly charts. For larger space scales, the errors 
associated with the gradients of the mean wind stress components would 
tend to cancel. Thus, greater confidence may be expected for the 
patterns of wind stress curl which are consistent over several degrees 
of latitude and longitude. 

The large scale features of positive and negative curl along the 
coast are significant. The important details to note are the sign of 
the wind stress curl at the coast, and the position of the line of 
zero wind stress curl. A general feature common to all months, is 
the occurrence, on average, of positive wind stress curl near the coast, 
and negative curl at some distance offshore. This feature is well 
developed from May to September. Greater spatial variability is evident 
in the winter distributions. 

The existence of an offshore wind stress maximum results in a line 
of zero wind stress curl] approximately parallel to the coast. Positive 
curl occurs inshore of the maximum wind stress. Negative curl in the 
offshore region is associated with the anticyclonic atmospheric 
circulation over the interior ocean, The positive curl near the coast 


is related to topography and to local features in the surface wind 


Stress distributions. 
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The distributions from December to March are characterized by 
positive wind stress curl near the coast from San Francisco to 
northern Baja California, and south of Punta Eugenia. Large areas 
of associated Ekman divergence extend several hundred kilometers off 
the coast. The patterns of wind stress curl are less well behaved 
near the coasts of Oregon and Washington. However, negative wind 
Stress curl near this coastal region appears to be typical of the 
distributions during the winter. 

During the spring and summer upwelling, the dominant patterns of 
surface wind stress curl are easily recognized. The line of zero 
wind stress curl parallels the coast approximately 200 km to 300 km 
offshore, along the entire boundary from northern Baja California to 
Vancouver Island. This is a consistent feature from June through 
September. Yoshida and Mao (1957) placed this boundary at approxi- 
mately 500 km from the coast. Considering the coarse resolution 
(5-degree squares of latitude and longitude) of their data, the 
disparity is not surprising. 

The months of April and May, and October and November appear as 
transitional periods. During the transition from spring to summer, 
the negative curl along the coasts of Oregon and Washington shifts to 
positive curl. The offshore distribution takes on a more uniform 
character. Scattered regions of positive and negative curl are 
replaced by a large area of negative curl. The late fall transition 
is marked by a total breakdown in the curl distributions within the 
northern sector of the grid. 

Several local (positive) curl maxima are associated with major 


topographic changes in the coastline configuration. Large values 
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of positive wind stress curl are found near Cape Blanco, Cape Mendo- 
cino, San Francisco, and Point Conception. These features may be 
real, or they may be artifacts of the finite difference calculations 
or the data distributions. However, one does note that near Point 
Conception, the values of positive wind stress curl are consistent 
with a decrease in the magnitude of the surface wind stress in the 
lee of the point. Where areas of positive wind stress curl extend 
offshore of capes, there would tend to be a continued, although much 
reduced level of upwelling outside of the primary coastal upwelling 
regime. 

A region of negative wind stress curl (Ekman convergence) reaches 
the coast of Baja California between Punta Eugenia and Punta Baja to 
the north. This feature appears consistently throughout the year. 

A partial breakdown in this system occurs in August, October, and 
November. However, considering the probable uncertainties in these 
derived data, one might reasonably conclude that the coastal region 
near Punta Eugenia can be characterized in the mean by convergence 
in the surface wind drift. The distributions of wind stress cur] in 
this area imply favorable conditions for formation of fronts and 


convergent patches of recently upwelled water. 


ButenowAL TIME SERIES 

The mean annual cycle of wind stress curl near the coast is shown 
in Figure 17. Positive wind stress curl occurs along most of the 
coast throughout the year. Exceptions to this generalization are 
found in the region south of 30°N latitude and between 40°N and 47°N 


latitude. The temporal persistence of the negative wind stress curl 
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FIGURE 17. Seasonal cycle of 
wind stress curl near the 
coast. The wind stress curl 
is shown by month for the 
]1-degree squares immediately 
adjacent to the coast. The 
calculations were based on 
the monthly mean surface wind 
stress etSe | SUIe aS Units 
are dyne cm™* per 100 km. 

The contour igterval is 

0.25 dyne cm per 100 km. 
Negative values are shaded. 





near Punta Eugenia (29°N latitude) is clearly seen in this time series. 
A similar feature occurs near the tip of Baja California. A seasonal 
variation between positive and negative curl is apparent from Cape 
Mendocino to the Columbia River. 

Yoshida and Mao (1957) presented evidence indicating that open- 
ocean upwelling is related to the wind stress curl. This process is 
distinct from coastal upwelling which is primarily a boundary 
phenomenon. However, the two mechanisms are not totally independent. 
In regions where positive wind stress curl occurs, such as between 
30°N and 40°N latitude throughout the year, and near the coasts of 
Oregon and Washington during the summer, the ascending motion related 
to the wind-induced divergence offshore, enhances the upwelling 


associated with the more dominant coastal divergence. 
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VI. DISCUSSION 


The monthly distributions of surface wind stress show an offshore 
maximum which progressively develops over a large extent of the 
California Current and shifts northward and intensifies on the seasonal 
time scale. This process is a primary forcing function for coastal 
upwelling. Off Baja California, wind-induced surface divergence 
occurs on average throughout the year. Downwelling occurs near the 
coast of Vancouver Island, except during the restricted period between 
May and August when a small equatorward component is observed. 

The major seasonal variations in the magnitude and direction of 
the surface wind stress can be described simply in terms of the general 
atmospheric circulation over the Northeast Pacific Ocean. Monthly mean 
surface pressure charts typically show two well developed pressure cells. 
A high pressure system over the ocean shifts northward and increases 
in strength from spring to summer. The center of the cell moves in a 
northwestward direction. The seasonal variation of the high pressure 
system is small. This shift in the large scale anticyclonic circulation 
results in the observed winter to summer reversal in the alongshore 
wind component off the coasts of Oregon and Washington. A low pressure 
system is situated over the southwestern United States throughout the 
year. This semi-permanent thermal low is fully developed over the 
Central Valley in California during the summer. Cyclonic circulation 
associated with the low leads to equatorward surface wind stress 
parallel to the coast. The amplitude of the annual cycle is large. 


During the winter, both of these pressure cells weaken. The high 
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Pressure system moves southward and the coasts of Oregon and Washington 
come under the influence of the intense low pressure system in the 
Gulf of Alaska. 

The primary mechanism controlling the location and strength of the 
wind stress maximum and the associated coastal upwelling is described 
by seasonal variations in the gradient between the two pressure cells. 
During the winter, this gradient is weak. Strong heating over the con- 
tinent during the summer deepens the low and increases the amplitude 
of the onshore-offshore pressure gradient. As a result of the northward 
shift and slight strengthening of the high, and deepening of the low, 
the region of maximum wind stress moves from the area south of Point 
Conception to the vicinity of Cape Mendocino. These variations are, 
of course, a function of differential ocean-continent heating related 


to the annual cycle of solar radiation. 


A, PHYSICAL IMPLICATIONS 

The climate of the adjacent coastal regions is influenced by 
upwelling. During the summer, the dome of high pressure which develops 
over the North Pacific Ocean, favors large scale subsidence and a 
strong temperature inversion over the west coast of the United States. 
This suppresses deep cloud formation and greatly inhibits precipita- 
tion. Unpublished distributions of cloud cover, summarized from ship 
observations, show a large onshore-offshore gradient in the total cloud 
amount. Minima occur at the coast. The effect of the large scale 
subsidence is noted in the true desert climate of Baja California, and 
in the almost complete lack of rainfall along the coasts of California, 


Oregon, and Washington during the summer. Coastal upwelling primarily 
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influences the local climate of the nearshore zone within 10 km to 
20 km of the coast and contributes to the formation of low stratus 
clouds and fog typical of much of the coast along California and 
Oregon. 

A secondary mechanism may account for local intensification of the 
Surface wind stress and persistence of coastal upwelling over periods 
ranging from several weeks to a few months (Bakun 1974). In a simpli- 
fied positive feedback model, wind stress parallel to the coast brings 
cold water to the surface and cools the adjacent air. The resulting 
temperature contrast between the continent and the ocean increases 
the local pressure gradient. The alongshore surface winds are in- 
creased and upwelling is enhanced (Ramage 1971). This mechanism may be 
Slightly modified by the effect of atmospheric stability. Within the 
Summertime coastal upwelling zone, the air-sea temperature difference 
is usually positive. This stable stratification decreases the magni- 
tude of the surface wind stress. The resulting negative feedback may 
partially offset the increase in surface winds associated with the 
described changes in the local pressure gradient. 

The existence of maximum wind stress some 200 km to 300 km from 
the coast is an interesting feature. Of course, a maximum in the 
onshore-offsnhore pressure gradient offshore may explain this phenomenon. 
The positive feedback associated with wind-induced upwelling extending 
hundreds of kilometers off the coast may act to intensify the along- 
shore winds. However, this feature also suggests a coastal boundary 
layer which acts to frictionally retard the winds near the coast, 


leading to a positive wind stress cur] in the nearshore region. 
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A characteristic feature of the wind stress curl distributions is 
the occurrence of a line of zero curl] at some distance from the coast. 
Observations show positive curl inshore of this line and negative curl 
in the offshore region. A theoretical analysis suggests that a pole- 
ward undercurrent along an eastern boundary is favored by positive 
wind stress curl along the coast and a poleward decrease in surface 
heating (Pedlosky 1974). The monthly distributions of wind stress 
curl presented in this study are generally consistent with an equator- 
ward Sverdrup flow offshore and a poleward Sverdrup flow near the 
coast, except in the region from Punta Eugenia to Punta Baja, where the 
wind stress curl is negative. The general pattern of positive wind 
stress curl along the coast and observations of the California Counter- 
current (Wooster and Jones 1970, Wickham 1975), are consistent with 
Pedlosky's theory. 

The Sverdrup transport balance expressed in Equation 6 may provide 
a simple and reasonable explanation for the existence of the current- 
epurpiemen sin system observed along the west coast of the United 
States. Transport calculations based on the July wind stress cur] data 


for the line of 1-degree squares extending offshore of Cape Blanco 


12 ] 


(43° N latitude), show a net southward transport of 3.53 X 10° g sec . 


Within 300 km of the coast, an integrated northward transport of 


[2 ] 


2.20 X 10 ~ g sec. is required. Negative wind stress curl between 


127° W and 133° W longitude is associated with a southward vertically 


integrated mass transport of 5.73 X i9!¢ g ceca These values 
somewhat underestimate the total volume transport of the California 


Current (10 sv) suggested by Sverdrup et al. (1942, p. 724). 


65 





B. BIOLOGICAL IMPLICATIONS 

Relationships among patterns of coastal and equatorial upwelling 
and the distributions of primary production have been discussed by 
Cushing (1969). Favorable conditions for phytoplankton growth are 
maintained within the surface photic layers by upwelling of nutrient 
rich subsurface water. Offshore divergence related to the vorticity 
of the wind stress effectively extends the width of the biological 
upwelling zone. Fronts may form in areas of negative wind stress curl 
just offshore of the primary coastal convergence, such as near Punta 
Eugenia. These fronts would tend to concentrate both the available 
food and the grazers within the same areas. This process may be 
important to the survival of fish stocks which spawn in this coastal 
region. 

Seasonal changes in the surface circulation may also provide 
mechanisms for survival and possible separation of stocks along the 
coast. The current-countercurrent system characteristic of southern 
California suggests a mechanism whereby fish stocks could migrate 
seasonally from primary feeding grounds within the coastal upwelling 
regime off northern California to spawning grounds off Baja California. 

A relationship between wind stress curl and the California Current 
system has been suggested. The data indicate that the poleward under- 
current observed along the west coast of North America may be driven 
locally by positive wind stress curl. However, a possibility does 
exist that the boundary current is not entirely the result of local 
forcing. Coastal areas may respond to wave-like disturbances propa- 
gating from other regions of the ocean, as in the case of El Niffo 


(Wyrtki 1975). 
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A general requirement for vertically integrated northward 
Sverdrup transport along the coast apparently breaks down near Punta 
Eugenia where negative wind stress curl is observed (Figure 18A). 
Within this region, there must be southward vertically integrated 
Sverdrup transport. 

With this consideration in mind, it is interesting to note the 
winter distribution of surface currents depicted in Figure 18B. The 
large scale pattern suggests two separate cyclonic gyres associated 
with positive wind stress curl within the Southern California Bight, 
and south of Punta Eugenia. In the region of negative wind stress 
curl, the indicated surface flow is toward the south. 

Correspondences of features in the patterns of wind stress curl, 
Surface currents, and winter distributions of the northern anchovy 
(Engraulis mordax) (Vrooman and Smith 1971) are highly suggestive 
(Figure 18C). A mechanism which could lead to formation of subpopula- 
tions of pelagic fishes in the California Current is described by 
Parrish (MS). Distributions of Pacific mackerel (Scomber japonicus) 
are similar to those for the Central and Southern subpopulations of 
northern anchovy shown in Figure 18C. 

This study has demonstrated the utility of historical marine 
observations in describing details of surface properties over an area 


of the North Pacific Ocean. Resolution by l- degree square and long 


term month is feasible when the seasonal cycle is large. This method 


+ PARRISH, R.H. (MS) Environmental-dependent recruitment models 
and exploitation simulations of the California Current stock of 
Pacific mackerel (Scomber japonicus) Ph.D. Thesis, Oregon State 
University (in preparation). 
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FIGURE 18. Distributions of 
A. Wind stress curl, B. Surface 
currents, and C. Anchovy sub- 
populations. Wind stress curl 
is shown for,September. Units 
are dyne cm™* per 100 km. The 
contour interval is 0.25 dyne cm-2 
per 100 km. Negative values are 
Shaded. The winter distribution 
of surface currents is depicted 
in terms of 2-degree summariza- 
tions of ship drift data. 
Vector symbols are scaled accord- 
ing to the key on,the chart. 
Units are cm sec™!, Large 
arrows suggest the split cyclonic 
circulations which develops off 
southern California and Baja 
California. The winter distri- 
bution of the three subpop- 
ulations of northern anchovy 
are shown in the bottom figure. 
yy Figures A and B are after Bakun 
ee and Nelson (1975). Figure C is 

f after Vrooman and Smith (1971). 
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of summarization may fail in regions of sparse data, or in the tropics 
where long term fluctuations frequently obscure the seasonal cycle. 
Summarization of these data by 1 -degree square, month, and year 
often fails to produce consistent time series. The resulting fields 
may not be statistically significant if the mean values are based on 
too few observations. Objective analysis provides a method to obtain 
consistency in time and space. However, with these methods, continuity 
in time is gained at the expense of spatial resolution. An engineering 
approach might be used to calibrate the large scale analyzed fields in 
terms of the features evident in higher resolution distributions as 
presented in this report. The resulting time series could be related 
to fluctuations of marine biological communities which must respond to 
wide variations in environmental conditions on time scales ranging from 


a few days to several years. 
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APPENDIX A 
MONTHLY SURFACE WIND STRESS DISTRIBUTIONS 


The long term composite monthly mean surface wind stress distri- 
butions are displayed in Charts 1 to 12 as resultant vectors, in 
Charts 13 to 24 as the eastward components, and in Charts 25 to 36 
as the northward components. The values are plotted in units of 
dyne cm’. The month is indicated in the figure legend in the upper 
right corner of the charts. The two years displayed below the month, 
for example 1858-1972, correspond to the year of the earliest report 
and the year of the most recent report respectively. The coastline 
configuration is superimposed on the grid as a visual aid and does 
not represent a conformal mapping. 

In Charts 1 to 12, the vectors are plotted according to the scale 
shown below the figure legend. The mean vector magnitudes are con- 
toured at intervals of 0.5 dyne cm72 Contour labels have been 


¢ are shaded. 


omitted for clarity. Magnitudes greater than 1.0 dyne cm 
Charts 13 to 24 display contoured values of the eastward component 
of the resultant surface wind stress. The contour interval is 
0.5 dyne om7* Positive values correspond to eastward components. 
Negative values are shaded. 
The northward component of the resultant stress is plotted in 
Charts 25 to 36. The contour interval is 0.5 dyne cm72. Positive 


values correspond to northward components. Negative values are 


shaded. 


/0 





NCC ~ TOF-11 ~ ONE DEGREE SUMMARIZATION 








foe ae 





Sits ‘ a 


COLUMBIA RIVER 





sxe oA 129 125 27 i2Z5ai25 


CHART 1. Resultant surface 


7| 







; ) ee CAPE BLANCO 
tt ndeouwuneweaaoad aeuans dae wo oe davaad - pee ide denn Jae see - se a - 
7 ee Dae poe eed et aN p A 
or ee ae eat 
lambert base ie (one ease ae ip wie — A asics FP DOSC: ate tn sis = See 
= et a - a) 
wet adam ee daw ee dann @= woe J -- Je os soo eS ema lass mooode eae aod 
: : : : Fr ma CAPE MENOOC INO 
a “a pO Ta ead 
POQ DOT AI sd eaeee wee « = Foe = @ ala alae = a cae oe =< ee ai 
ia Sp A a a > 
SOCOM OC OTIS 2c o <meeiego «= = — es ata 
; a 
22> 3 Ss y wee eee oe 
SOROS OS OG OOOO OT =o ° @ <a « «© @ CRE SO FIO OREO OO IIS RS POCO CUS GOOG oc: 2ercae Jd - 
ee See ce Ot AS 
POD ORION OO II eee ede @ «= = fe oo + o FeSO SISO 6600656 Sods SOc eeacecedae= daocandusaone a 
| 1 1 
: ee ee OS SS Se ey 
BO OO IO OCI I so @ = eee @ « = So se om PSS OO CIS COO OOS SS ao9008 -e=- veece HOSOOUSS = 
| i ' ' 1 1 
; Pe a es es 
eeee daeewaedanaca-daeeceoedoaaeone dan ee da « oo -ummmemieeewate o « « deren d----Jdewcn downed ao aot ooo Sa So 
: See G0 8 
eeecedunweadaecee daceeodeacnondansedaaovraedaacce does = Qc < @ « deowenduawavda« 
; ; f ' aay ie ’ f 
' oY ; 
suse sao oon don aadapaadannonsadaenaaedaaaaedaoaaneda aan daaaa y = oa a S eae = 
a 
Po ee ve ey ae 
QoS Sas oe ae Poss e9e9 Sods oo ed o6 508698 edocs Cdon OG93 00c Ws a eee 


ans: 
Nie Het 


; ‘ ; : ; UPD : ; : 
i a ee Ce Oe es 
we ts ee ee | if = vA 


=e de 
‘ 
‘ ‘ 
' 
wowed weed wee ed awe == dee nen dwwemedemweedeweedoww ede eee de ee ete tw we Jee ee denen de eee 
' 


Bo oe om 123 122 15) 130 reo 25-27 126 125 124 123 122 121 120 119 118.117 116 11S 114 PhS! TZ Sie 


NORA 
NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
MONTEREY, CALIFORNIA 


SURFACE STRESS 
FAD 


{ DYNE CM-2 ) 


LONG TERM MEAN 
FOR 


JANUARY 
1857 - 1972 


STRESS IN OYNE CM-2 


PO i NT CONCEPTION 


y t 


wedmeweaodanw - 
' 1 





We 


\ 3 


“SPUNTR EUGENTR 


Jecoesdococodseos Hose as 
| ea 


ine bbe at ay oN | 


wind stress vectors for JANUARY. 











NCC - TOF=1t - ONE OEGREE SUMMARIZATION 


ee offs wee 


















NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
MONTEREY. CALIFORNIA 


ee ig: SURFACE STRESS 
; a ee 7% COLUMBIA RIVER 
FIELD 


ee 2 See Sate festiog do ae ae 
‘ ( DYNE CH-2 } 


: a a7 fies ge Pe Ves ; 
| ef ae 


ere See. be ee eve Sie a ge we 
' ' 


Bee cnet —--ed--- == 


Pr Bay Ant 

















LONG TERM MEAN 
FOR 





CAPE BLANCO 












7 eae FEBRUARY 
cs a SSubul “a 1858 - 1972 


a ao 
cee oo fore cs----4----4--- STRESS IN OYNE CM-2 





cosedo os Scie 266 eC See Ieee ineoe Ope ee eee [ es ae aaa } 
moe ) ee 
ee | ee ee OF 
woeeede ewe de ee eto ce a deowee ete ade SOROCOOIG eee eeaedea 
3 > YO yi Bos 
ene eden er doccedenn edo conden ne fone mea oe 
eer es >: »: a = > a en) 
See a ae Pe oe 
See we tt OT ON! Biv y. yw ae POINT CONCEPTION 





NA oa 


fd AS: 
e an. ap = 
is. we 


mee EUGENSA 


NS 
phy oa 
fas uf ey a 


deme nde nw een dee ee dee oe 





fumes) 154 153 132 131 138 129 128 127 126 125 124 123 12202112 1 


CHART 2. Resultant surface wind stress vectors for FEBRUARY. 


72 





NCC - TOF-11 - ONE DEGREE SUMMARIZATION 
iis e essa Sesh 15s2 13) ise 129° 1268127 126 125 124 123 122 121 












VANCOUVER ISLAKO 





do [et Re Fae ATE 


= COLUMBIA RIVER 





= 


“D' CAPE BLANCO 







i) ' 
wietnle AS wien el wie =m ew mice 
' ' ' 





| a SN io Pp: 
‘ 1 ‘ ' Vee ‘ ' ' ' 
: =“—4 SY ‘Ss ' Gy > pe 
alae aaa ie =| (aia — Oe YY aan NS es CAPE MENDOCINO 
. ONS aN Vee 
lS SS ENON 





Bee... We i; SM NNN EN SS 


eeswede wea daonn eda emnadazreandaneedwe ee dwae- ade cower doe wredeoae My 
' 
32 
weeedeeweeodwer ede eweedtd were etd were dw wee deer ee rw eecee deowrets ee deewaee 
a 
‘ 
‘ 
‘ 
C2 
23 
Oe ee oe Oe ee eee dememe to eee dome wet ower de weed se = 
' 
‘ 
! ‘ ' ' 
seeeedwmewne desea dammed ewe dae wer dwecwada weeds deme ed wow mada we endorse ee deece 
1 i) ' 1 ! ' 1 1 ' ' ' ‘ t 
' ' 
26 Y) ‘ ' 
eee te ewe deweead wer weedawnexn de eer ede cee dew we dee ee dew en:s Hees mem wed wee ede ew ee dw eee - —ao de 
1 


as 
< 
eeeedtda — 4 =] + < -_ eaedencece -_- 
: ' 
2 
' I ’ 
ee ee 
' J ' ‘ 


eran den we ete eee tee ee te ee = 4 fhe a ee ee ee 


vA 


Te oieiauie. (2a 127 f26clco i2e 123.122 fone 






CHART 3. 


73 


eS Ce Cv a ayy Siew 


NORA 
NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
MONTEREY. CALIFORNIA 


SURFACE STRESS 


FIELD 


{ DYNE CH-2 ) 


LONG TERM MEAN 
FOR 


MARCH 
1857 - 1972 





STRESS in GYNE CM-2 


ae 


. - = 
eR me Hey | . ‘ | Lae t 
eater ine wena Gc peeee cee 


Resultant surface wind stress vectors for MARCH. 





NCC - TOF~11 ~ ONE DEGREE SUMMARIZATION 
Peet so hes 341 53m 32 S190 129 2eei27 126 125 124 123 122 1el 12O 119 118 117 PGs tl? ial 





















— 
A, VANCGUVER ISLANE 7 
oo 4 es NORA a 
Meme eres ee. eee. Ne NATIONAL MARINE FISHERIES SERVICE 
5 ot A Am a: AE PACIFIC ENVIRONMENTAL GROUP AP 
eee ee. MONTEREY, CALIFORNIA 
ep Sah 
sc ene ee OUNGRCE Siinaos 


p=" COLUMBIA RIVER 


FIELD 4 


( OYNE CH-2 ) AS 


LONG TERM MEAN 
CAPE BLANCO FOR 


APRIL \. 
1858 - 1972 





CAPE *ENDOC ING 


STRESS in DYNE Ce-2 


reoh «= POINT CONCEPTION SS 






t 
ot 
i] 

i] 


4 
' 


Reg ee ee 


th. “GPUNTA EUGENTA eo 
&, 
NENESSS: 


wadtm meta ew bee we we Pee - Age ew - eee = 


el Sue 
a 





CHART 4. Resultant surface wind stress vectors for APRIL. 


74 





NEC ~ TOF=1i - ONE DEGREE SUMMARIZATION 








NORA 
NATIONAL MARINE FISHERIES SERVICE 
MONTEREY. CALIFORNIA 


SURFACE STRESS 


PACIFIC ENVIRONMENTAL GROUP 


QUVER ISLAND 








BI Z5n12a sl 237220121120) (19 Sell les (1a 113 Bel 


VAN 
°° 


- 
’ 
eer edaew--- 


a 


225 


=~, 
ae 
aa 
WY an 


woe dw weeds eee danse etme we dns code w ee dow oodocn 
1 . 


“Ds 


‘ 

' 

' 

s 
Sere et wn- id 

1 


iegei29 126 127 12 


-<2ee --- me-e we - - - 


' 
‘ 
4 
' 


Sa 


1 
Oe ee ee ae ee en 
1 


weed-e- eo tewece 


sy 


Roe SOM 35. 4 133 132 131 





i] 

‘ 

‘ 

4 
See 

' 

! 
www edeewedonnn 


FIELD 


( DYNE CH2 } 


COLUMBIA RIVER 


woedamwecodae THe 
1 


dewwr ade 
' 


stewed aww ede wee dace aeda ne 


?: 


woe ede wwe do wae de eee de wwe dee ee dn cee de eee wee ee 


‘ 
' 
‘ 
ee eee ee ee ee ee re ae ee 
‘ 
r) 


>: 


weed teow ede esa d= wwe doen e ede eee Jee oe de 
1 


---- wow e 


i] 
3 
e 
) 
' 
' 
4 
e 
e 
' 
' 
' 


Oe ee ee eee ee Se ee ae Pa” Dae | 


eee ee ee 


ot 
eS 
4 ol) 


4 


LONG TERM MEAN 
FOR 
MAY 
18570-0972 


CAPE MENDOCINO 


CAPE S_ANCO 





' 
' 
' 
$ 
a 
' 
. 


) 

‘ 

‘ 
weoedewwe dace eda = 

‘ 


~ 


ee ee ee ee eee eee 


= 
SS 


' 
3 
L 
’ 
‘ 
‘ 
‘ 
4 


4 4 
‘ ‘ 
’ ’ 
‘ ‘ 
ee eae es 
‘ ‘ 
LY ‘ 
‘ ‘ 
¢ y 
meee qe ee 4ge-- + 4---- 
¢ ‘ 
‘ ' 
‘ ‘ 
‘ ' 
Se 
‘ t 
‘ ‘ 
‘ t 
UJ J 


4) 


fA 
£1 


ENS) 


- << 


pl NEN NG 
‘e 


L 


Lone 


awadew 
' 


nae 


STRESS IN OYNE Cit-2 
SE eee 
Ha 
_t 


je 





' 


SE 


7 


ae 
ada 


POINT CONCEPTION 


-~-A+-- 





“ 


. 1 1 ‘ ' 
wen etd mw wed ewe ete weeds ewe dees edo wen deewec ede eee deecee donee ede twee ees edoe wee dane redo ~ ee dw - = = fe; 
' 1 ' ‘ ‘ ' 





wen jAte-- 


d-e 
' 
1 

2 


' 
w= 
) 
' 
Ae 
' 


\- 
\ 





\ 


cae +~am 


ast ar 






das 
' 


’ ' 
wer edeoeewe to -- 
1 ' 


Se ee 
' 


daw 

' 
ee 

1 

1 

eeeecenece 
' 
‘ 
- 


- 
f) 


“ 


1 1 
dere edeewwe den wee da won 
‘ 1 


' 
¢ 
' 
i] 
e 





¥ 


‘\ 


wenden wae da 
1 


woeeede ene dee eet cw ewe dora an 
1 1 1 


v! 


' 
ee ee ee ee PP bras 
. + ' 


‘ 
) 
e 
enema dwaew ene de ew eo dow - - 
' 1 ' 
4 
‘ 
‘ 


4 
) 
+ 
' 
1 
' 
4 
Ly 
' 
: 
1 
t 
' 


1 
wma edeaerweds weed one wwe eewedonw ea dn wee de mmo deere wewreedao wn ae de we ed eoe wes == ee dow ww ao = 
1! . ' ' ' ‘ ' 
1 ‘ ' 
Se ee ee ee ee 
' 1 . ' ' ' ' ' ' ' ' ! 


1 1 
eeeedenmwwede we eden eer ee en dew ewe etow ew ete eee tw ew ede eee dw ew eed eww dana = 
1 1 1 . ‘ ' ' 


weer ede wee dee ee deem ewe dew ew - Hd - eee dee eed wee eo dee ee dw wer eee ee oe 
1 1 ‘ ' 
wow e dew eo de we ede ee ete er ewe de wwe do wew eo dene eds ene denen dee ee dw wwe 
\ ' ' * 
' ! ! ! ! 
wmmedaw em ada wen dee wader we de wee ds eee dew - ede ewe deere ede ee de eww 
1 ' + 1 ‘ ) 


ee ee ee ee ee ee ee 
' ! 


eee ee ee a a ae 
sesedsowedascedscecdoscadsnwadscssdas 
1 
! ‘ 
ee ee ee 
1 ' 1 
' ' 
wee madame ndaw wee doe sed on eed oweetocone 
' 1 
' ! ! 
'it*ttemnctivsecatnnwadewnevta«aadmacadaa ae dae 
' i] ' 


' 
woee dec ee decree wwe sc eo dowen 
' ' 
eee eda tee do wwe da wean dee oad 
‘ 


35 
2 
25 


-- 


i2 


25124 


| 


pegeleo 


128 


Pale dede 129 


Pode lone oo 192 


136 


Resultant surface wind stress vectors for MAY. 
75 


CHART 5. 





Pas 


31 


NCC - TDF-11 - ONE DEGREE SUMMARIZATION 


We 7 s6r 1357132133 1323T 138 129 128° peje 25 125) 2823) 22" 70 1) Mes LG Li GmLIa 1G EZ el 


: ; : : =~, 
Sn i Se ee ; fy, GANCOUVER JSLAND 


eenwkt eno uk. 


enone 


Sa 2) SN» y! 
euuvadaaeodaoaan POR SSS S00Fs> oe 






: a vi 


eoongoacedscocdosar Pecetooceeses 


: | wit ay x 
> aa \ ! 


\ s 


' 
eon e dare ew eeoce ar ed Soodoncadoogs 
. ' a . 1 


' 
‘ ‘ 

= 
i] ‘ 1 ' ‘ 
‘ ' \ ' ' 
, a a i RS 

ween denne t----J-- ee - 22 ty oy eeces 

. 1 
‘ 

a 
' 





BOGS CCocronoods een - 
1 


COLUMBIA RIVER 


CAPE GLANCO 


CAPE MENCOC [NO 









NORA 
NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
MONTEREY. CALIFORNIA 


SURFACE STRESS 
FIELD 


{ OYNE CH2 } 


LONG TERM MEAN 
FOR 


JUNE 
1858 - 1972 





ae | 7 STRESS IN DYNE CM-2 55 
: ; a 30 
_ ee ee Ss Moke Ye Rear 
= 71 L. 
ee | 
: POINT CONCEPTION So} 
FO FIO I OI OI IES OEE SOTO OOO SOG So 
, : : ; q cy. 
a ook SE a a a 
‘ : : = >. ex 
on SSE REE Seer. eee pee ae Seaeee? SneY Oe oen co 
j ; : AS 27 
oo SSNS 56 Se Se ee ee ee 2 aN. - OS -Xgdeer- 
; | ; ae eS ch 
Bana dow nn tane ns weer t4eeee ders wade ew odo wwadeo nee domo ow deaae a : ee : SOO ANS ApS foal 
: ; : ; ; 30 
: : ; ; axe 
oe tl a a DV AUVAYAAS : 
i ; : ; . : OR 
ee ee Pie a: i age es eae | ode sae Nyse Men Mse Nas URPUNTA EUGENER 
: : i & 
so gs Ss a ee oe Pee eee 
; : ; a6 
ong IS a ne 20 2 er em aS 
; : : : : : OC 
wie wie he el ela die as elnlalald a emia Dee sla) oe a alsiea\a peoeee SaSeoHSoes aaa he a aa seetinsas : | L FOR. ,AAS ooo 
; ; : ; = 2 
2 ae ile ae re ieeeacened Te es aoe pee eee SLL A 2 ee 
, ree 2 
ne ctl te a ae ee sek a en ee ee Ne eS een Se 
: : : & \ OW, 
coe roe feeceen fete chads ibs Wh Wes 


Peo als 132 131 130 129 128 327 126 12 


SN 


23-122 17) ei2e 


Ber lea 1 idee eon we 


CHART 6. Resultant surface wind stress vectors for JUNE. 


76 





MONTEREY. CALIFORNIA 
SURFACE STRESS 
COYNE CH-2 ) 

LONG TERM HEAN 
FOR 
STRESS IN GYME EM-2 


NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 





NT CONCEPTION 


¢ 
‘ 


227 Zee Lee 7 ilies Smet ae oma 
70 


COLUMBIA RIVER 
APE MENDOCINO 


u 





1 
LY 
dwon 





> 
\V 


eeetac ena — 
' 


~- 


VANCOUVER ISLAND 
ewe ed een = 


NY 


} 


~ 
‘ 


dae 


\ 


ee aa 


‘ 
‘ 

de -- 
1 


\ : 


a 


A 





_> Y 
Aiea 


ee eee ee ee Pa 


—~deon atone 





y 


ee 


yy 
» 


\N 


a 





> 


= =-o-4 


‘ 
i 
LY 
‘ 
S 
i 
t 
‘ 
$ 


e 
i 


' 
' 
‘ 
1 
' 
i] 
¢ 
4 
' 
! 
‘ 
‘ 
4 
weeeedawen —-4- ene dewwwn 
' 
e 
F) 
e 
t 
' 
‘ 
‘ 
‘ 
’ 
J 
‘ 
‘ 
' 
‘ 


ee ee ea Paes ene ie 


eereteene 


re 
e 
1 
8 
' 
1 
1 
1 
1 
‘ 
‘ 
4 
' 
‘ 
4 
iy 
‘ 
‘ 
‘ 
' 
1 
‘ 
4 
t 
' 
1 
' 
' 
' 
1 
' 
1 
1 
1 
‘ 
e 


‘ 
4 
t] 
i] 
t 
' 
e 
‘ 
J 
e 
i] 
' 
4 
e 
® 
' 
‘ 
' 
' 
' 
' 
' 
' 
e 
‘ 
‘ 
1 
4 
‘ 
4 
f) 
e 
L] 
i 
‘ 
‘ 
i] 
t) 
1 
1 
' 
1 


1 
1 
+ 
1 


1370136 1357134) 133 1329131 138 129 128127 126 125 124 123 1 


NCC - TOF—11 - ONE OEGREE SUMMARIZATION 


weeedtww eed eet edoww es dee we da eee de wwe dw wew ede eee 
1 1 


eweoeeerdwom ewe dwe wn ede een toa ce 
' 1 
weoemeadewmedewreeodeww ee doo n - See ww 
1 
1 
wowed e woe dm ewe edo wemadocwedawcne 
ew wwedawwon dea wraede ere dew oe ed -- ee dew owe 


weeed wow - edn -- ede ewe 
weredoeeeedae woe donne 
wow er de wee down en - +e oe = 
ee ee 
ew wte deme anda wou do- ae 
weet de wee da wwe do = - = 


www e to we eda ore 
woeedooewod-cce 


weeeedeecean 
eeecedons = 


ed 
eeece 
’ 


465 
41 
39 
36 
39 
32 


apt 


= 
an 









t] 
1 
‘ 
4 
' 
‘ 


tewmeden ened nee aot oe eee dw ewe 
' ' ‘ ' 


wm we dw ww edo we edan se - sewew eto ree te weed nn ee deer ode ose 
' 1 ‘ ' 


‘ 
' 
‘ 
woewe dew eedw meme domme dan we nda cece 
. t f 
‘ 
' 


1 


PUNTA EUCENTR 
< 
Nay, 


de-9- 


SS 


oa 


-_< l 
1 
1 
-<«<«<d6 





. 
‘ 
‘ 
! 
' 


‘ 
‘ 
' 


‘ 
' 
1 
‘ 
‘ 
t 
e 


1 

eeoeedeee nde nee te mn were weedaowreondan we ede wwe dower eee eee dw awe 
1 1 + t ' 
1 
ewer dwewewedawewn dower ed=- cee dee ee deem ode eww deen ere de eee de ee eww we = 
. 1 1 . ' ‘ 
weoeedew eed ce wn dmwm eed wm emed ww ewe twee ed = ewe Hee ew eee ede weed meee 
wowed ww ee dae eed enw ede wee dew eadaosroer door odo w oe di ee ede ew ee dee ee we eee 
' 


32 
2g 





deen 
1 


. 


“SN yy 


weartdawnweand 


a4 eredt=--2 


i 
fi 
V\ 


oe 


vee) 


(] 
t] 
1 


=-deweee-- 


4 
£ 


-—=< 
wj—2-s=e eee ow 
' 


L 
J 


were deat eter e edo wee doe ee dee ende wee de eee te wwe wee ee dw ww edo tee tower ede wen te eee 
+ ' ' ' ' 
‘ 
Ce ee ee ee ee ee ee ee ee ee 


25 


yw KS 
a 


weeee 


y 


ee 


> 
v 


-- =v ew - eo eww eee 
ee ee 


¥ 
» 


NS. 

y 

v 
{se 


/) 


f 


y 
y 


ae 


+ 
L 


ee eee 


L 
¢ 


Z 
« 


dew 


oa 
a 

4 
LN, 


es | 


4 


& 


al 


“fi 


‘ 


i 


ee ee ee ee) 
' 1 


1 
' 
‘ 
1 
'‘ 


wenden sowed eo 


a 


4 


ecrcecedwemnm atone ada ew ewe temo wece dec wae daw we dnc a-de- ee dawn n sone ao 


Resultant surface wind stress vectors for JULY. 


CHART 7. 


woeet ween we eee dm wm me dt we ewe ed ee www eee ode weed w wee dtww weet ee ee tee wet ww we toe wwe de wee doen eed wee = 
1 ' 


ee ee ee ee ee ee ae 
' ' 1 


ee ee ee 
. . ' 





NCC - TOF-11 - ONC OEGREE SUMMARIZATION 







. 
4 
e 


ao 







S > =m = ~s aad ~ y. ey pe D VANCOUVER IJSLANG 
wees CBSA er emer eeeets ere ee - - pee = 
49 =}: =>. ~ ~s ~~ aa a ¥ 3 NORA 








NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
MONTEREY. CALIFORNIA 


weeecedeecnn oS) eee socdaosodke S54 


SURFACE STRESS 
PAEED 


COLUMBIA RIVER 


{ OYNE CH-2 } 


LONG TERN MEAN 
CAPE BLANCO FOR 


AUGUST 
18S7 - 1972 


CAPE MENDOCINO 


STRESS IN GYNE CH-2 





deen ede e 


Ica 


: Oe 
es 
: eee ee 
: NE yo Se ee 
aly . 


Saree Be cige eee 


Set hod vey YM: 
i a & sea ee Sues 
<a ae - - 
Ze ee vues 
- ~ a ad - =a wed dew reli de aa 
ee oe ee ed amg th A LJ »¥ 
>} | | : : at ames « ae. Tes ¥ 
eee ees Ase isl sh 179 128.127 126 125 12a rea 22sec ieee Sy Chk as Daren oa 


CHART 8. Resultant surface wind stress vectors for AUGUST. 
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Resultant surface wind stress vectors for OCTOBER. 
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CHART 11. Resultant surface wind stress vectors for NOVEMBER. 
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CHART 12. Resultant surface wind stress vectors for DECEMBER. 
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CHART 13. East component surface wind stress for JANUARY. 
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CHART 14. East component surface wind stress for FEBRUARY. 


84 





es . . — 





NCC - TOF—1t - ONE DEGREE SUNMARI ZATION 


137136 i35_134_133_132 131 13@ 129 128 127 126 125 124 123 122 121 le8 119 116 117 HBSS alesis aide 


' J L ) . 1 
‘ ‘ ‘ ' e ' 
1 


8.59 8,778.34 8.55 } B49 B.dl BBs BSS B.S. VANCOUVER ISLAND 


Sasa je re does oder eo d-- ne (Gee ee - J. 22 ee 
t 


8.56 8.73 3. 6& ass. 45 8.21 8.35 6.28 a.15 ; 


2 e+ eee @ + — es ee eee See ae aa <n = 
: t) 












NOAA 
NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
cc MONTEREY. CALIFORNIA 
Ht 8.58 2.53 0.2) 0.61) 8.56 B41 B41 2.35 8.04 B12 
ee eee wesegessee Soden eedennet hoe] res | oe ERST COMPONENT 


0.87 2.61 8.65 8.82 B.€2 Add 0.64 8.34 8.38 B.1g ~ COLUMBIA RIVER 


Boe area she SURFACE STRESS 


ween dooce deooe id Ci wr-es- ee eee eee wo- 





» B52 8.68 g.23 8.42 a.23 3.34 ( DYNE CH-2 } 
a.63 3.78 0.61 2.37 8.79 2.98 43 8.31: 0.33 a. B 
eS ey ee ae LONG TERN MEAN 


\ 
8.62 8.72 9. 8.98 8.73 3.37 8. 41: a.22 a.34 0.33 9 
Me es pee d- 2-H --\ a ai ee roe a aie ee iar aay os 
oe Pt 88 8.72 ABO, 55 Utd 0.75 B71 8.41 8.23 8.13 MARCH 
ame ge nS won denne deneeseh OOO so gpcc Ale oa bee 1857 sa 1972 
/  !  f | 6.86 G58 @.64 0.5-a512\ 11e2/8.15 aes 8.13 9,17 


eeeedseeedecaro toon e dose = = Neem eller = mia wim Jauewe ONG SS22 4. = Je en-Jd- ave af 



































: \ hac 1 CAPE MENCOCINO 
1 Q.58 8.52 8.52 8.75)9.37 B46 B12 6! G.23-B, 12 
eeece de anedewwadowan ae Joe = = len - dOnwYES._SaR ee 
| ae 8.65 2.57 G.4S G.42 2.32 G.35 0.24 8.34 8.22 B. 
a oo oy ee pee i rae es - 
: ‘ 2.45 8.23 3.44 8.43 8.36 8.46 G. 42: 8.47 0.55 2. 
re | FSS G.36 G25 6.38 8.36 8.41 0.458049 8.36 4.33 
we need wew ewe dw wee wee eo ee ee eee Oe ee ee ee ee ee ee ae Pe 
= 9.49 3.31 8.38 O.31: 9.37: 8.37 8.34 8.29 B41 B. BG 
eenmedewen dm awe dan ow wow = = deren Re 8 oe eee IONS I eh 2 2 OCS - 
: G31 G.41 8.29 8.33 3.32 G56 B34 8.48 0.44 3. POINT CONCEPTION Bg 
: : 8.32 8.32 9.34 a.36 8.37. B44 re 8.66 ee 34 
41 ioe re ae 3.28 a.19 0.29 8.31 0.58 g.65 8.75 8.82 0.63 0.37 B3 
Eee ea ae eee, ee ne eee eo peer ee | aaa aS 
Oe eee = - -- ‘ . 
! 8.19 8.26 8.20 as48-B042_0.61. #.58 2.604 8, 39 3.24 © 
DO DO BSS GO HOMO IO OS OS ISO SOCIO OS OIC RICE OOO FOE CO OOOO SS OPO ONS GOSadOSe ee ee ee er 
G.14 8.15 6.26 3.26 3.29 a.34 Pitas SS 9. 43 0.38 B31 
a= 7a G7 0b 0.36 0.25 2.32 B.4S 0.33 0.39 0.39 2.4 3g 
2 BOO DOI OIE SIO OI IOC ween dw eee donne he eee ee 24> = \ 
; ' ; 8.12 8.23 g. 24 0.43 8.27: 8. 38 8.35 0.46 8. 48 8. ,) icy 
PESO DIO DIOO OOOO I SO OI SO I OO III OO ii Ie Ge eS SI 00 OOO 06 JOOS Odo een d 
3.29 GS 9.97 8.07 8.83 0.26 2.19 8.25 8.36 BA go) 28 
noes dese adocaa ee Peeewadanwees ee Je wwoden code wee doowedonn = gee oe coder er te ee dnne 
L & 8. 25-9.05-8.09 81 8.69 8.42 8.39 8.27 8.42 2.41 2; 
Se deer ereeee Juooedeove Jo wenn dan - dew we dwn ne Jom ew denen cenn- J 2.00 dae qgeadacar doar ataens iE en dene ae cannes cso - 
ae: ! . iF Why < : 3.13-2.07-2.8% 8.02-0: B.15 6.25 0.34 2.48 8.42 : 
= ee oT nes Cee SO BO RO RO SSS oll ala ME 
OD Sol Se er ie oy 4 Fhe @.15-8.U3 8: 48-2. 04-2. 83-2.03 @.22' 8.39 0.48 8.37 25 
PODS ES BO OIG BOO ON IO OI) or DEO POU ORES OSO aie eee 4 See eee Ss \ 
B. 06-2. 21 3.62 4:28 0.87 2.15 8.24 8.28 8.37 8.34 
260 ee ee SR ORS a ee--- Jem eed onward om oe We OCG Oo Cen oe Tanoe ae eee to geeee eas wee teem eee ~~ - ewe ee dee - 
| 8. 15-0.09-8.46-2.29-8. 84 8.88 8.15 8.18 8.26 8.362 
— se hg ee a-eee ee er eee er ere ere ae wren duet ae eet ah iets Cees oa omar CS dwmwwada=- ao = 
8. 38-0.21-d. 15-4. 28-2. B1_B.2S B12 G14 8.18 B. 1927 


CHART 15. East component surface wind stress for MARCH. 
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CHART 16. East component surface wind stress for APRIL. 
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CHART 17. East component surface wind stress for MAY. 
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CHART 18. East component surface wind stress for JUNE. 
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East component surface wind stress for JULY. 


89 





NCC ~ TOF~it - ONE DEGREE SUMMARIZATION 
fife oes) 1940133 1352 031 136 129 a2eec7 


' r) 1 { 
‘ ‘ ‘ ' 1 ‘ 
: ‘ ‘ 1 8 
' 


126 


W295 124 


(oS 















Ves ize 


— 
oS 


[Zi 2120 Se i716 Moelle lis ied 


NORA 





















2 tee Seo a rn o2+ doce 4----5---S NATIONAL MARINE FISHERIES SERVICE 
ae 8.43 0.38 8.35 0.33 0.41 0.53 0.35 0.55 213 1 PACIFIC ENVIRGNMENTAL GROUP 
PPOSE OGIO ISSa6 ee aan aD -- MONTEREY. CALIFORNIA 
4 : 8.33 Q. 42: 8.33 2.22 8.33 8.33 3.34 a. 32: 3.88 8.1) EAST COMPONENT 
oe a.48 2.35 2.35 2.35 @.35 0.36 0.58 4.34 @.1d g.1E COLUMBIA RIVER 
Nae een meee © it OTe SURFACE STRESS 
i 0. 45 a.33 2.33 2.49 8.27 0.27 a.27 2.27 a. as 3.06 : 
2262 20G6 aaa Sena ae en eee Cee eee Eee eee oe ae { DYNE CM-2 } 
4d eee 2.22 3.29 2.22 2.39 8.93 G23 8.15 8.28 0.22 0.04 
oo. ae won fecee ne 2 ww nem cece eee aes ee -oee- = ee =A LONG TERM MEAN 
: ' 0.37 9.21: g.19 8.15 2.18 8.29 9.28 3.28 Q.87 B12 CRPE ac ANCO FOR 
easadeeced--~— 4 sosce bec sdinass Jee i ener eee -<-4 
‘ : ‘ Cc 
na : ; ; g.13 2.19 8.2) -13)0.13 3.18 8.12 0.15 G.2): 8.16 RUGUST 
ao ee er MEDS OOS SOs 1 OO III NN Md Bt OCICS Ot 1857 =f 1572 
4] 0.18 O18 9.35 B12 3.17 8.14 B16 8.29 8.27 B12 
OSS i i Pie [i ee ee eee ae “CAPE PENOCLID 
2 aa a.15 2.03 Q.14 2.05 Q.13 0.17 @.18 28 0.33 @.19 Ag 
CSCO HO COR TOS SOCIO S a ee ame 2 2 ME 58 a aad 
iS : : —— —* 
S ; 0.23 0.23 2.03 8.0 8.12 8.21 8.26 0.35 pe 2. 3g 
wow ee ee we de ww ow te oo — hee - ce Gessner, women -- ee eee wore sy ee dene ewe 
3 cls Ct 0.84 0.26 B12 B11) 3.28 3.45 8.56 8.55 .5al> Be 
soo Sea eee ae = + = © - dee: = « HOO COUS SCOR OORO> ere edeece a(n oss a 
3 eo 9.02 A082 @.11, 0.23 2. 25 8.35 0.52 0.63 82 3.37 C 
aoc drone dawcn do cnn do nec tyne Nad---> 4 - $22 -4o--- fo dagonsed~- ad --- 8s 
sae: 8 ae ae a1 3.04 G21 G33 b.4d @.42\0.5e a 36 
weet d= co toe ce Pe wenedwwe rer dowae ae os =! Bee IM Ma 5s a dace ot. OCS OOS - 
5 25 2.21 0.96 2.15 @.22 0.27 G41 3.51) B52 2.43 POINT CONCEPTICN 35 
ee eee ee ee a pre dee edeneedew sedan c edad anda need onee- aera ere 
f ef 8 Se en 8.87 8.12 6.13 8.38 8.36 ast 6S) 3.61, 0.67 8.19 B34 
2 Ho 2.01: 8.87 G21 2.29 8.42 0.45 8.59 0.74 U.45 6.38 - B3 
ee ee ee ee ee eae -- ype ee eee Page Gocencdoc eS weweed a= ok - - 
2 8.25 @.12 8.25 0.31 3.41 ¥,53 2.65 0.$4 0.24 @.2h Ba 
wee dew eda www do - + - dw ed ee ww Je ee ee meet ew wend cee dw eww eo dons BOBO Oe Seeecnoesa jo--> as aa ee oe oder e-Jon-- 
1 a: co 8.62 0.03 B11 HIS B17 2.38 B44 0.43 9.36 8.32 31 
woe ada ww ad- ceo edmweedaow wedi ee ed wee edon -- 4 -- ee dee ee ee oe = ot va as eee Jaca ee See SOS OCOIda5 -~- 
32 ee NR ie B.87\ 0.25 3.09 G14 B.27 8.35 8.58 8.33 B35) 8.3}: 32 
ae Oe soc os 4 penn Soe cate ee Mar war a ee == 
ve hs co B42: 8.23 8.85 8.15 8.15 Gi 8.21 8.38 2.35 2B \ a 29 
© ean Un UNET Miem 'o d Sal Ee 
27 : Z 12-0.13-3.¥3 Q.11' B13 8.6 8.14 8.22 8.3% @. 27 
conan do we eto wwe dw we weds em ete ww ede ww ede mwa d= ee ed ee ee ten eet ee oe dewwnrdawen en see ee eee se oes ees 7 
26 a B. 13-B. 25-8. 3F-8.01 8.08 8.06 9,12 8.25 8.33 2.36 26 
secede oocedaonaosdianacscadaaanadaaaea dia ae deaweetdewondnvoeeodwoeceodooootdoocada ow od cocen deen tNoren due Caee en dnn ene de eden eden, ds So0y 
a | . @.12-8.23 2:82-8-08 2. ga-2,22 B.12 8.16 8.25 8.38 2 
Sees dossod ee es JO CS N608 Ss Jog SI SO OS IS SIO OO OO BOS SSI OOO USD OS ih erg yay SS RI ID III IOI OOD wr ee 
a, A. 43D. 21-8.62. 0.26 ae 0.84 8.11 8.26 82S 8.32 
eee ween ste ccn 2 sos So ssech ood (646 c2 esa es Sess) eee SS es esse cose ticcee eoee 44 Re Oni GO mI Cs ne areas onoedeoee de wwede condo ewan @ 
2 eae , B. 33-2. le een 18 8.12 8.16 2.89 8.17123 
36562 SS eee eee eee ee ee eee evseeoen ee Oe ere ae oer -eec oe de a ae oe Ae) oe LOG OI OOS SOI 
2 ee a ee ee ee eo 3.05~2. 32-O. 12-0. 12-4. 58-B. 25-8: -08 8.13 8.13922 


SID OSS SS SBS 2 09000 08 80 20096 90 OTS SIPS EC OPI SOO OCI OR OOO CO SS OC DOD Oe SOO mae 
' 


' ' 1 . ' ‘ 
2 } ' ; ' ' ‘ : ' ‘ ‘ 1 ’ 


[26027 Zo clan bee 


CHART 20. 


90 


yee 


East component surface wind 


went ene ee de eee ee ee reer ree Hore.» oe - Se a 
' ' 


; 3. BG-2.52-€.25-B.29-G.B5 8. 28-8.17-2.25 8.98 8.11/21 
(19 lie il? 416 ila 


—/ 


an eS ie KR | 
3 aes 4. 


' 2 
eS 


stress for AUGUST. 





NCC - TOF~!i ~ ONE DEGREE SUMMARIZATION 
ie Som 35134133 132.13),.138 129 123 Meme 26r eS 24s eae te i ego Me Nie is EIS id LS. TiZe 











































0.72 a.62 8.56 B56 0.36 @.31 8.24 0.28 2. 19 a, NOAA 
ae a. een Se ae ae ae hee Ben = NATIONAL MARINE FISHERIES SERVICE 

- * 9.59 0.68 2.44 0.32 0.35 LSS 2.39 0.18 0.15 0. PACIFIC ENVIRONMENTAL GROUP d 
secedee--4---- aot - 2 -- 4--------- a Lepaeee- J. cea OS Ora, OEE MONTEREY. CALIFORNIA 

we 2.38 8.29 2.29 9.39 8:49 8.39 BSS 0.37 2.15 2.08 
o900 do CoCdaSsoc we nme de ow 4 e@erec-- oe ee a ee eee ‘= adie sco a EAST COMPONENT 

(| ee 2. 45 0.42 a 8.42 5.26 0.48 8. 18 a.18 B.25 ~ COLUMBIA Riven : 5 
ee a Be nate ae Boni si1e es SURFACE STRESS 
ee : P oa B47 22 af ce 2.5 a.32 vai esr 3.18 ( OYNE CH? 1 

3 8.28 8.33 17. 2.16 2.19 819 4.39 a.23 8. 23 a8? 
Se Pe Cag pti ee eee = LONG TERM YERN 

' . : 8.33 8.16 8. 26 B. 11: 8.24 8.27: 2.88 B. Sz: 3.08 @. 81: CAPE ALANCS FOR 
oS maa eee Heo we she Le MS ot ton ne ly t- 

! #19 3.23 8.1) 8.29 8.29 3.26 2.12 25 Q. 11:-B.24 SEPTEMBER 
°c aa ee ee fe ee «Roe te ee By See 9 Se = ae - 1854 = 1972 

os 2.25 8.96 2.89 3.18 2.19 Q.1i-.18 ang 8.13 8.29 
SS ir iia eS. Xia ee a eg oO “CAPE FENDOC ING 
ES ana mma weee dee 22 ef ae I ie aieie aeae Dy 

1Z-B. 82 H2O-RO 8.22 8.18 8.18 8.15 8.38 3.3% 

ww ee dee eedonwwnJdo--- Bere oes ee eee se ee -- 





8. a2 2.28 0.83 3.29 9.06 9.17 0.26 0.39 2.47 8.30 





awe 2-819 2.02 3.05 B19 0.23 2.27 8.29 3.33 8.4 
: at/a.04 Q.05 8.11 0.17. 0.28 a.27 @. 35 WME" B- 29! co ius-comcepvimn 
MMe Ge Sohoas ee a i - --e2- 
é : , 8.23 2. 8 8.29 8.22 8.33 3.33 8.44 0.53 8. i: 8. 
wont www ed www ede ween dose ede wee dan deen ede ow @ @ -eeeeee - - - Je saagossoe we -- =e eo ee ow ee PSOSS IOS = = '=s askew aes = 
“a. are iC 
. : 3 0.18 8.16 8.22 8.32 8.42 8.66 0.66 a. 43 2.29 
8.23 8.14 8.18 0.32 =. oR 9.54 2.49 8.36 B.1: 
<< -s ope ek 9.81 0. 25 8.22 0.28 2.23 2.43 2. th 0.37 8.37 8.32 c 
g of ; 6.05 2.08 3.21 2.22 3.27 0.32 2.24 8.35 0.34 3. Ba 
ee ee ee Jdoww Jew ee dewe eden ewe -cecee dar cedawce deca amie ml SN nedogoedsaseclocoss= = 
: a or Fie 8.15 8.89 8.16 2.27 2.16 8.31: 8.36 





> : BBs 8.18 3.18 8.15 8.22 g.22 g.3e g.32 
eee eee naee ESE aaah aoe ee eee es Oe eee een! mie Smee Ss wrte denen dN 2daeee dene edene nd SISO OO OS a SSO oc 
2 . 8.28 0.12 8.25 B37 Q.17 8.26 8.28 
24 ; | ; ; ; 2.18 8.2 0.28 8.12 2.18 0.28 3.23 8.28 223 3.2604 
Pe eee gd es Se ee jocedsl---5---2 ee ok i a WO Si i aie ee 
18-2, 16-8.29. 8.22 2.06 8.15 a. 14 0.25 8.25 8.172 
cael pte EI eG ene I Ea ee ex2xee dee ow dewnmeadaawr ea deneweednwe- + ee ewece ee ee ee ee ea oveaen euauodes : eedohesdessoq eecavoanee FOS SORO Soo 
ie ; -BS-B.28 2.20-2.25 8.39 0.33 0.26 3.19 2.22 2.1422 


,93-0.03-2.84 2.18 2. a7 3.28 8. 42 8.16 2.38 8. BIZ | 
Cle Carer, Ly a“ ? er IE ‘ i 4 24 
167i SS) 954 153 232 131 2: 129 i268 127 126 195 124 123 122 120 Te 11st? Bie woes 112 ae 


CHART 21. East component surface wind stress for SEPTEMBER. 
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CHART 22. East component surface wind stress for OCTOBER. 
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CHART 23. East component surface wind stress for NOVEMBER. 
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CHART 24. East component surface wind stress for DECEMBER. 
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CHART 25. North component surface wind stress for JANUARY. 
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CHART 26. North component surface wind stress for FEBRUARY. 
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CHART 27. North component surface wind stress for MARCH. 
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CHART 28. North component surface wind stress for APRIL. 
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CHART 29. North component surface wind stress for MAY. 
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CHART 30. North component surface wind stress for JUNE. 
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CHART 31. North component surface wind stress for JULY. 
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CHART 32. North component surface wind stress for AUGUST. 
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CHART 34. North component surface wind stress for OCTOBER. 
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CHART 35. North component surface wind stress for NOVEMBER, 
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CHART 36. North component surface wind stress for DECEMBER. 
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APPENDIX B 
STANDARD ERRORS OF THE MEANS 


The following tables list the computed standard errors of the 
monthly means by |-degree square area for the eastward and northward 
components of the resultant surface wind stress. The standard errors 
of the means are defined by Equation 3. Each page contains values for 
30 one-degree squares blocked in groups of 10. Within each group of 
10, all l-degree squares are defined by a common latitude. The first 
set of values corresponds to the |-degree square immediately adjacent 
to the coast. The final tabulations refer to the 1-degree square 
farthest from the coast. 

The standard error of the mean is tabulated for each month and 
Square. The latitude and longitude of the center of the 1l-degree 
Square is listed at the left. The first two numbers below each month 
are the standard errors of the means for the eastward and northward 


2 


components respectively. The units are dyne cm“. The last value 


is the number of observations. 
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APPENDIX C 
MONTHLY WIND STRESS CURL DISTRIBUTIONS 


The monthly mean wind stress curl distributions are displayed in 
Charts 37 to 48. The plotted values are estimates of the vertical 
component of the wind stress curl, calculated by applying a finite 
difference, spherical coordinate curl operator to the fields of 
monthly mean surface wind stress. The contoured values are plotted 
in units of dyne om72 per 100 km. A value of 1 dyne cm72 per 100 km 


7 


is equivalent to 1 X 10 ° dyne om? The contour interval is 


0.25 dyne cm”? 


per 100 km. Positive wind stress curl is associated 
with surface Ekman divergence (upwelling). Negative values are 
shaded. These correspond to surface Ekman convergence (downwelling). 
In the following charts, the month is indicated in the figure 
legend in the upper right corner of the charts. The coastline con- 


figuration is superimposed on the grid as a visual aid and does not 


represent a conformal mapping. 
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CHART 39. Wind stress curl for MARCH. 


WZ 





NCC - TOF-11 ~ ONE DEGREE SUMMARIZATION 


13 /—Ps0— 130. 3d 795 132-1311 201 29 | 28 LS oli oe PY ee ee en ea ey en ee 
























a.39 2.25-B22-2. 18 2.22~0. 15-8. 2-0,21) T a.9q, VANECWER 1SUHNO 
Hier mon ole “ PF ee 
4 a2? 0.06 0.19 3.6% ale a ise: 


NOAA ' 













eee 2 ae he i Pe: Se NATIONAL MARINE FISHERIES SERVICE 

4 = ; a. 18-8309 @.18 8.87 8.09 0.14-0.05 v.18 ¥.5 PACIFIC ENVIRONMENTAL GROUP ig 
ete deere danse fo ee ee ee - BD -~ 2) “1 MONTEREY. CALIFORNIA 

4 — o 2.17: 8.11 -Bhae 2.28 0.26582 0.09 3.04 8.01: 3.22 WIND STRESS 

4 oe 3 : nae GZ 9.15 0,01 2.18 a.14 0.13 BB B.1 8.36 ee eR AG 
pe ce d-n- wenn dase Fiend jertennete | donee dot e-d- 9% 9. : ag <7 3 CURL 


‘ ; ; =" mun tinge 
/ >; farlsaeaimy OR B.16 0.24068. 40 BBL 9.18 ( OYNE CM-2/108KN } 


\, ) re. Pag ee eee ee LONG TERN MEAN 
’ “17 Be 1S-4. ZB. i 4: 32-0.13-0.78 ee27 Be 2. ow GAPE BLANCD FOR 


BT Tp age 2 -e yo e- a ae ee ab -2-4 


OL 07-01 229-801-259 8. 18--8.07-B. 17. 3,37 APRIL 42 


oe nw de nw = oe Pe ww ge ww ee ee dae eee eae Piet ge 2 
‘ os 


WN 
-O1-B28-2. FS ama 26-0, af 24 a. & 25-8, 1} 


1 
were daewo en dove =~ a ee tee ee dwe ae doe ete eee de wwe 4. oa . Bao ot 


: i CAPE MENOOC [NO 
BCI =ALOL-0. 18-2. 19-2, aT-B. 16-2. R6-2. 24-8. 18 B. 22: 42 
















er a 
‘ ’ ' 









eset as ee move cee Sere Se ee “anon agree x car 
| 3.83 8.1178. 11-815 8.68-8.06-2.03-3. 18, 4.29 B. 4 39 
tote dec ce wee eevee Neer eeedactedene ft Sea IR aon 4 SS 
0.04 3.32" @.61-2. 17-8. 1 L-2.24-8. 83 B.1E Pa: 8.2 Se: 
ecee ences deere tetera e-- wooo ee Wee JODO Oe cs dewrsderee area Z9 J--e 2 -« 
So Bi~.13-B.08~8.8:-0. 03-B-4k_2. 09 3 18 2.38 3 
ee Oe ee ee ay DOGS ISOS oe ee Sa ecst si als a of aeoae Cee -- H 
8.95-8. 84D. 8.a4-J. 13-3, 14-G.43-B. 19-2301 d. 3G 


we dewwn down e to eee ew ce- dence aa ‘2 arene ae ea ee ; 
3.15 B.p4-B. 128.6 G-$.2U B22 B.2>P.0% 2.07 WY coin coxcePrton = 


eer eee wee ve ee deer ree e nee eee eat ween Pe «1 Ane --e- Bo ee =-- TP IO 5 ---e--- 
‘ 


















, . | | . | 9 120 12-2.08 @.18 Bee m2 2.85 a. 21: 2,51: aN , 
: ! a ie oy | 2.04-0.81-B, 16-9. 12-82 | 2.08 RC wee cK 
ee ee a ee ee ee ME | Soeeeie Meee CeOclo= gis deo Qt--- 4-57 -4-- - 
3. 18-2. 16-14-2289. B.12 ‘26 8. 19 2. \ 32 
nonodieeoa Ss ane Paces rSeSsoogdin soo dewwedeawer ade eer adaer onde neat ear danendneaneien at hoon J BOOS I RISC) ao OSS 
eee oo 3 ee re 4. 28-2. 22-3. 13-8. 26 2.08 0.08-0.92"8:08 2.26 2.19 B31 
mee 0 fora rea cae ee eee See ee renee et eer eee ee bre Ce en ne nee wes 
! c eee © Lae ag | 2.120.182. 16-8. 08-2. @7 B.14 asge—a. 12 Ql 2.04 Ba 
wet eden nn de ce tn ee de ee de ce de ee dane ede c ee dae cede eee deen Hemededendaemindenad ae gee aaa ---« 
2 8. 34-8. 13-B. 17-2.12 B86 B. 12-2, B1-B. 15-8.27-B. 1 \ A 29 
II IO ESA EIEIO OI OOS OOOO O COTO CISIS OI OOO OS OO rie Secage = bMS Soi ee == uae OI OA ITN is 
“| eee ee [ed ee ee spel ee RR eR cfuca engin P* 
2 . a eos Os, Mees 8. 20-2.22-2.05 0.1 G. 18-2. 11-3. a3 ‘au 0.06%a.22 B. 1 27 
ppeteemaiol= a se lelele eos) in) tale eine aio Smee nee a ese e tm leie ai ae) = de ei ool = =< = = -benngn «me de et SP > egg ale ni ge 2 
2 ; g 1st. 10-0. 11-2. a2 WM Brea 8S 8.07 0.23 3-88 6 
So sos eas SoS, tam eo Soo oom ooo asa eas eomecooo oe aaa cles ese ene dlie asc lss ce neta detene ‘We eae we a, at ES o3---------t 
| B. 11-2. 05-8. 27-8. 22 Bl Be 16-8. hee 3.83 29 
er eryn-ecdec--s ea Pere eee femme den adenene rere den cadecce dace -decend-cce moves ae scn ess a wonder fie nese Min ee-- 
z : B. BEB. 16-8.22 BLt-Y. 37-Z. G2 9. 099, 2. 88-2. B12 
Oe ee ee i ee ee ee ore 7 One ecco yan aie ace weoene Jeorze- a de eoewnwwce oe as wadoene~ te a we - eee ede eee eS QiO'G 
2 : : ; ‘ “4 Ey Jot 2-3.95-2. 29 0. 05-2. 20-2. BE 0.0673. 4 8.2 
Sona Se So) ao SIS 6 AN NE IEICE CI OCS TO SOCIO GG = Waa Te MAS ceeotwe = - = dee — 7)... ee --- 
2 B.1¥-B. 12-3, 14-8. 23-0. N, 2.1 es 28' 6. 24-$. B22 
eee de- tesco doceccd po wnadunwn due d= a9 se ~~ wd ~~ wie din no Jina m3 ay Se eee ee Soe iat oe oe ih Ye 5 


a. 28-0.'32 2. 18-2. aula. 68-2,06-2. 24-2. 12° ‘2. 06-2. 2112: 
i27 126 125 led 123 foe dot lent oT? Tio lo Tié We te til 
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CHART 42. Wind stress curl for JUNE. 
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CHART 43. Wind stress curl for JULY. 
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CHART 46. Wind stress curl for OCTOBER. 


race 





NOC - TOF-11 - GNE DEGREE SUMMARIZATION 
137 136 135134 193 VS2M 1 30k 7 Gn 1B A7 26 2S W242 22 Ml ie IS leoli7 elie lias 


o-= 


== 


woe 


=<22 


22+ 


i , ‘ 
‘~ 
o+ecee Jaeaeandauunrdaaonwatdoaca a weve tee nadenendeen cdf ee yec dee ende nti gs 
‘ ' ‘ ' 1 


2.20~2, 12-00 a.17-2.23 feteecsn 7 —— ISLAND 
- Saale ae ed am ale Po eimiaidps a = aoe a} m1 
lt A~TRE ES Kare > mH ae 
2,83 0.35 Se g.18 2.08 garun h St SN NORA 


aedeeee - oder ee de eee denen dee se see NE = eeanrda 


B.7i ABZ, +22 8.24 @.23 B11 Aa oo 3. 
-4----4---- ee ae Se 


Ho - @.21: 219 B. 7-8. 21 9. Cor as 500-01 
eo doeve donee weme dalete us tec ce phe ~~ een - 7-5 wee evooe= LS eee. 
‘ 1" ‘* aa 





Foes ee @ de @ - = Meco ayefee fetes cfefen te ef 2 
8.34 D\SB-@x24 8.19 2.16 9.21 B. 19-8627 B. 12 2.49 


aii Pe 7 -- gt eodnened --b4-- -4 


‘ f 
a.28 g.18 8: eines ma! -cB-3. 32 2. 8.33 






aS iseli2 


‘ 
SU COON GOS I SISO CS was. wofussue wader -- 4 oe LONG TERM KEAN 


“2, 12) @1l Bl 






18-2. roc 2.08 3.21 CAPE ALANCO FOR 





ie . 389. 18-0.23-0 a 8.21 a. 18 NOVEMBER 
eee ree denen de--s me OR ag tN are ey ce 2 -4 
Bez? B. 12-4. 198.25 WS1: G. 18-B.22-B.1 8.82, 18 
ee ae a ae oma a 4/7 F + cape renoocino 
SE-B. 6-0n29-9.05 22 8.86-8.33-2. {si W658 2.63 
«dew ee da een Joccn feuwssue me Jeveudeenred---- 2-26, eee es 
; cin ee 
oe , 29-8. 11:0.88-2. 11) a.13 rien 88 8.20 2. 
ode ere teen de --- OA ime 0 tee se 
wee. 2 eee 10-9. 05, 2.48 9.83 0.84 0.28 2. aa 
2 do en da ne ee = Rd. = es es ee a pe ea S 
gus B.82-0. 06-2. 20-2.08-5.13 1.01872 2.2% @.28 
wdecentacees Boom OO J---- we ofan sdeern ane e totes ena ts---- da dE - == \-2 - 








2.28-2. 18-8. 87-8, 3 8. 28-3.22~-8.03-8.22 #81 2. 


a. 8t~ ate BU2 G.08-B. 19 8.04 3.2! 4. 


we SSOGIOS So EE eo ae" e-e- 
a] ‘ 


hs CONCEPTION 


ee ee ee -ece 
' , ' ‘ ‘ ‘ ‘ 


A ee @. 14-@.B1-Z. 12-0. 14-3. 39-2. naw: .37 0.37 Pe, 
: ; 2. 3-8. 12.078. 08-2. 24-2. re 8.92 2.23 8.37 6.17 


eduaccndionaodanoadanaadueasedaacodoccedacas Jdacaca a oa ee Bm Hama tae a al 0 0) Oe a orpaligts = == 
A ‘ ‘ ‘ ‘ ‘ ~~ ' 


2. 11-8. 86-2. 13-G.29 9.880. 8S 8.28 G13 8.56 @. 


edecendccee dose edowon den wodn contac ecadaoonadaccaedoone ne ee 
t ‘ ‘ ' ‘ ‘ 


4.81-8. tn Ge a saws ' 9.69 2.18 iy 


edecce eee eee raen a aa SCV SES CD G1) 5 Se =~ 
’ ‘ ' ‘ ‘ ‘ . ‘ ' ‘ ' 


26-B.05 BUOYS 0027-3.27=9.22 B0S_-9.9B. 9. 
DS 


‘ ' 1 : ' 1 ' . ‘ 
' ' ' ‘ ‘ ‘ ‘ r Pe 
ee ee ee ee re wedewmvetaneaoda ewan dow ee taeras (ee we daers = 4a hwnd rt oe J ~ teed wae me dea wed re ye 
we é : ’ é Z : tome f set I> ae a PNG - . 


A >’ ee i” oa 23 9.09 be A190 8 15-.B5-0.06-0.91 
ee er res ee ee ee Sahu AJocwwnnf vavnoes de es eee 








( OYNE CM-2/1801 ) 


NATIONAL MARINE FISHERIES SERVICE 
PACIFIC ENVIRONMENTAL GROUP 
MONTEREY. CALIFORNIA 


WIND STRESS 


2.22 a.% =r 8.17 StS g. 45-8. e822. a1 COLUMBIA RIVER 
CURL 












MS 6 
2.18 G22 2.83-2.19 Q.08-B.23 OAI=D.U4-A.B7 024 Cita cicENtA : 
SOOT DOO D890 FO0 SOO SOY, ew ee we ewe BO OOO SSS SOS OIG SISO SOO 5 - 2 - ado =F Jehewdn - ie nas de cee bows nse ee tang 2 
@.19 2,88-d. 27-2. 83-B.21~2. 12\ 9. 29-2. B3-B. a3 a. 2; 
ASE ee a nn denn se te ee nn oe so te pe 4 eee 7 Se ee a - 
| . ; ! 7: Bai 2. 88-8. 96-3. 11-3. 28-8. 82-3. 35 ‘p08-ta 
oreo deen 4-22-42 - + 4--------- Jaeee sere +---- ta ec nd nent nee dene see denne foes ba oe Paes wean dew sete de oo ade en eufenes 
} ! 7 , — 06-8. 06-2. BGS 8. Dee ao 3. 26 2 
wer ere oe Bee eo ee Cee eee eee es ey ea A ge Se ae tole oP A 7 minim o GBS II --e4 
| ase 83-2. 28-3. aan 3. 01-3. 85-4. B7p 4 
8 os SOS OOo oo oe bp omeesea Hees Gaia Nea oe. Oeics ees SOO SSE Sa SOEs Sb dim wi wed ote) = heeere 4. Os [So Pores sa ene ns Henn a--e- 4 SOSaBOn 3c 
. } . . 3 | . pee: Ss “ 4181-2. 15-2. at-2.108 8.26 3.08-. g9-3.04123 
OCI ene- = ; wx = Me cow s+enwa-= HOSE, eneee4tea-- JeeceH wee ewe oe = draor ec eeen VOD SOSa DSO mesa ween ne dn meen dae ene darn ade een tunwaantea a wy DEFT St -- 
! ? dona, b, oy G.h0. be @.4s-0.05 0.08-8.59-2.1 2 
eenradancan aS ores oot es eee oe asa Sao Ss oS eo eo SoS oe Seo IS a eS eae eis os cee le Sees eer Pier ee oe ee eee eee 


' 
3.23 gd. 223.36 @.12-¢. at: 3.82-3. 88-2. @4 2.81-8.19 


“ 


136 235 “124033 [52 13) 130 129 128 127 125.125 bee eee lee oe ome > fis Pa ae 


CHART 47. Wind stress curl for NOVEMBER, 
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